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Preface 

TheȱPublicȱInterestȱEnergyȱResearchȱ(PIER)ȱProgramȱsupportsȱpublicȱinterestȱenergyȱ
researchȱandȱdevelopmentȱthatȱwillȱhelpȱimproveȱtheȱqualityȱofȱlifeȱinȱCaliforniaȱbyȱ
bringingȱenvironmentallyȱsafe,ȱaffordable,ȱandȱreliableȱenergyȱservicesȱandȱproductsȱtoȱ
theȱmarketplace.ȱ

TheȱPIERȱProgram,ȱmanagedȱbyȱtheȱCaliforniaȱEnergyȱCommissionȱ(Energyȱ
Commission)ȱconductsȱpublicȱinterestȱresearch,ȱdevelopment,ȱandȱdemonstrationȱ
(RD&D)ȱprojectsȱtoȱbenefitȱtheȱelectricityȱandȱnaturalȱgasȱratepayersȱinȱCalifornia.ȱTheȱ
EnergyȱCommissionȱawardsȱupȱtoȱ$62ȱmillionȱannuallyȱinȱelectricityȬrelatedȱRD&D,ȱandȱ
upȱtoȱ$24ȱmillionȱannuallyȱforȱnaturalȱgasȱRD&D.ȱȱ

TheȱPIERȱprogramȱstrivesȱtoȱconductȱtheȱmostȱpromisingȱpublicȱinterestȱenergyȱresearchȱ
byȱpartneringȱwithȱRD&Dȱorganizations,ȱincludingȱindividuals,ȱbusinesses,ȱutilities,ȱandȱ
publicȱorȱprivateȱresearchȱinstitutions.ȱ

PIERȱfundingȱeffortsȱareȱfocusedȱonȱtheȱfollowingȱRD&Dȱprogramȱareas:ȱ

x BuildingsȱEndȬUseȱEnergyȱEfficiencyȱ

x EnergyȱInnovationsȱSmallȱGrantsȱ

x EnergyȬRelatedȱEnvironmentalȱResearchȱ

x EnergyȱSystemsȱIntegrationȱ

x EnvironmentallyȱPreferredȱAdvancedȱGenerationȱ

x Industrial/Agricultural/WaterȱEndȬUseȱEnergyȱEfficiencyȱ

x RenewableȱEnergyȱTechnologiesȱ

x Transportationȱ

ȱ

LowȱCost,ȱHighȱEfficiency,UltraȬlowȱNOxȱARICEȱSolutionȱusingȱHCCIȱCombustionȱisȱtheȱ
finalȱreportȱforȱtheȱLowȱCost,ȱHighȱEfficiency,UltraȬlowȱNOxȱARICEȱSolutionȱusingȱ
HCCIȱCombustionȱProjectȱ(contractȱnumberȱ500Ȭ02Ȭ003)ȱconductedȱbyȱLawrenceȱ
LivermoreȱNationalȱLaboratory.ȱTheȱinformationȱfromȱthisȱprojectȱcontributesȱtoȱPIER’sȱ
EnvironmentallyȱPreferredȱAdvancedȱGenerationȱ(EPAG)ȱAdvanceȱReciprocatingȱ
InternalȱCombustionȱEngineȱ(ARICE)ȱprogramȱarea.ȱ

ȱȱ

ForȱmoreȱinformationȱonȱtheȱPIERȱProgram,ȱpleaseȱvisitȱtheȱEnergyȱCommission’sȱWebȱ
siteȱatȱwww.energy.ca.gov/pierȱorȱcontactȱtheȱEnergyȱCommissionȱatȱ(916)ȱ654Ȭ5164.ȱ
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Abstract 

ThisȱreportȱdocumentsȱtheȱdevelopmentȱofȱaȱHomogeneousȱChargeȱCompressionȱ
IgnitionȱengineȱforȱtheȱAdvancedȱReciprocatingȱInternalȱCombustionȱEngineȱProgramȱofȱ
theȱCaliforniaȱEnergyȱCommission.ȱTheȱgoalȱofȱthisȱresearchȱprojectȱwasȱtoȱdevelopȱandȱ
demonstrateȱaȱhomogeneousȱchargeȱcompressionȱignitionȱinternalȱcombustionȱengineȱ
forȱstationaryȱpowerȱgenerationȱapplicationsȱmeetingȱtheȱadvancedȱreciprocatingȱ
internalȱcombustionȱengineȱprogramȱefficiencyȱandȱemissionsȱgoals,ȱprimarilyȱtheȱ
developmentȱofȱaȱ200ȱkilowattȱengineȱoperatingȱatȱ45ȱpercentȱefficiencyȱwithȱ0.015ȱ
grams/brakeȱhorseȱpowerȱhourȱnitrogenȱoxideȱemissions.ȱWhileȱthisȱprojectȱdidȱnotȱ
attainȱthisȱgoal,ȱinnovativeȱsolutionsȱwereȱdevelopedȱtoȱmanyȱofȱtheȱtechnicalȱbarriersȱ
thatȱpreventȱhomogeneousȱchargeȱcompressionȱignitionȱfromȱbeingȱaȱpracticalȱ
combustionȱsystemȱforȱtheȱstationaryȱpowerȱgenerationȱmarketplace.ȱTheȱprojectȱ
focusedȱonȱconvertingȱaȱCaterpillarȱ6Ȭcylinderȱengineȱmodelȱ3406ȱnaturalȱgasȱgeneratorȱ
setȱtoȱoperateȱinȱnaturalȱgasȱhomogeneousȱchargeȱcompressionȱignitionȱmode.ȱAȱkeyȱ
challengeȱofȱhomogeneousȱchargeȱcompressionȱignitionȱisȱcontrolȱofȱcombustion.ȱAȱ
novelȱsystemȱforȱcontrolȱofȱtheȱengineȱwasȱdevelopedȱbasedȱonȱthermalȱmanagement,ȱ
whereȱrecoveredȱheatȱfromȱtheȱengineȱexhaustȱwasȱusedȱtoȱcontrolȱintakeȱairȱ
temperature.ȱControllingȱintakeȱairȱtemperatureȱallowsȱcontrolȱofȱtheȱtimingȱofȱtheȱ
homogeneousȱchargeȱcompressionȱignitionȱcombustionȱprocess,ȱandȱaȱspeciallyȱ
designedȱdualȱintakeȱmanifoldȱsystemȱallowedȱforȱcontrolȱofȱtheȱengineȱonȱaȱcylinderȬ
byȬcylinderȱbasis.ȱControlȱofȱfuelȬairȱratioȱisȱanotherȱsignificantȱtechnicalȱissueȱinȱ
homogeneousȱchargeȱcompressionȱignitionȱcombustion,ȱandȱisȱespeciallyȱdifficultȱwithȱ
naturalȱgasȱfuelledȱengines.ȱAȱnovelȱapproachȱtoȱfuelȬairȱratioȱcontrolȱwasȱdevelopedȱbyȱ
modifyingȱaȱconventionalȱnaturalȱgasȱcarburetorȱandȱcouplingȱitȱwithȱanȱelectronicȱ
pressureȱregulator,ȱallowingȱforȱpreciseȱcontrolȱofȱfuelȱairȱratio.ȱStartupȱisȱchallengingȱ
forȱhomogeneousȱchargeȱcompressionȱignitionȱengines,ȱmostȱstrategiesȱproposedȱ
involveȱstartingȱtheȱengineȱinȱconventionalȱoperationȱ(i.e.,ȱsparkȬignition),ȱthenȱ
transitionȱtoȱhomogeneousȱchargeȱcompressionȱignitionȱonceȱtheȱengineȱisȱstarted.ȱTheȱ
transitionȱapproachȱinvitesȱhazards,ȱbecauseȱtheȱsparkȬignitionȱoperatingȱregimeȱ(fuelȬ
airȱratio)ȱisȱnotȱcompatibleȱwithȱhomogeneousȱchargeȱcompressionȱignitionȱoperatingȱ
regime.ȱAnȱapproachȱhasȱbeenȱdevelopedȱtoȱstartȱtheȱengineȱdirectlyȱinȱhomogeneousȱ
chargeȱcompressionȱignitionȱmode,ȱavoidingȱoperationȱinȱregimesȱthatȱcouldȱbeȱ
potentiallyȱhazardous.ȱTheȱtechnicalȱaccomplishmentsȱofȱthisȱprojectȱlayȱtheȱ
groundworkȱforȱfutureȱdevelopmentȱofȱpracticalȱhomogeneousȱchargeȱcompressionȱ
ignitionȱengines.ȱ

ȱ

ȱ

Keywords:ȱHCCIȱpowerȱgenerationȱARICEȱcombustionȱ
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Executive Summary 

Introduction 
Homogeneousȱchargeȱcompressionȱignitionȱenginesȱhaveȱbeenȱoftenȱconsideredȱasȱanȱ
alternativeȱprimeȱmoverȱforȱtransportationȱandȱstationaryȱapplications.ȱAutomobileȱandȱ
engineȱmanufacturersȱareȱinterestedȱinȱhomogeneousȱchargeȱcompressionȱignitionȱ
enginesȱdueȱtoȱtheirȱpotentialȱforȱhighȱefficiencyȱandȱlowȱemissions.ȱHomogeneousȱ
chargeȱcompressionȱignitionȱcombustionȱisȱfundamentallyȱdifferentȱthanȱcombustionȱinȱ
sparkȬignitedȱenginesȱandȱdieselȱengines.ȱHomogeneousȱchargeȱcompressionȱignitionȱ
combustionȱisȱaȱthermalȱautoȱignitionȱofȱaȱpremixedȱfuelȬairȱmixture,ȱwithȱnoȱflameȱ
propagation.ȱTheȱcombustionȱtemperatureȱisȱlowȱenoughȱthatȱtheȱengineȱproducesȱ
extremelyȱlowȱnitrogenȱoxideȱ(NOX)ȱemissionsȱ(aȱfewȱpartsȱperȱmillion)ȱwithȱnoȱneedȱforȱ
afterȱtreatment.ȱAlso,ȱlean,ȱpremixedȱcombustionȱresultsȱinȱnearȱzeroȱparticulateȱmatterȱ
emissions.ȱFinally,ȱhomogeneousȱchargeȱcompressionȱignitionȱenginesȱdoȱnotȱrequireȱ
sparkȱplugsȱorȱaȱthreeȬwayȱcatalyst,ȱandȱareȱthereforeȱexpectedȱtoȱhaveȱlowerȱ
maintenanceȱcostsȱthanȱsparkȬignitedȱengines.ȱInȱsummary,ȱhomogeneousȱchargeȱ
compressionȱignitionȱenginesȱhaveȱaȱcombinationȱofȱpotentialȱcharacteristicsȱthatȱmakesȱ
themȱdesirableȱforȱpowerȱgeneration,ȱincludingȱhighȱbrakeȱthermalȱefficiency,ȱlowȱNOXȱ
emissionsȱandȱlowȱmaintenanceȱrequirements.ȱ

Objective 
Theȱobjectiveȱofȱthisȱresearchȱandȱdevelopmentȱprojectȱwasȱtoȱmeetȱtheȱ2007ȱ
performanceȱtargetsȱlaidȱoutȱinȱtheȱadvancedȱreciprocatingȱinternalȱcombustionȱengineȱ
program.ȱTheȱperformanceȱtargetsȱwereȱ45ȱpercentȱefficientȱenginesȱachievingȱwithȱ0.015ȱ
grams/brakeȱhorseȱpowerȱhourȱNOxȱandȱ0.02ȱgrams/brakeȱhorseȱpowerȱhourȱcarbonȱ
monoxideȱ(CO),ȱatȱlessȬthanȱorȱequalȱtoȱȱ$700ȱperȱkilowattȱ(kW)ȱcostȱandȱgreaterȱthanȱorȱ
equalȱtoȱ10,000ȱhoursȱB10ȱdurabilityȱ(greaterȱthanȱorȱequalȱtoȱ45,000ȱhoursȱbetweenȱ
majorȱoverhauls).ȱThisȱspecificȱprojectȱobjectiveȱfocusedȱprimarilyȱonȱresearchȱandȱ
developmentȱtowardsȱmeetingȱtheȱperformanceȱandȱemissionsȱtargetsȱofȱtheȱEnergyȱ
Commissionȱadvancedȱreciprocatingȱinternalȱcombustionȱengineȱprogram,ȱwithȱ1000ȱ
hoursȱofȱtestingȱtoȱdemonstrateȱaȱlevelȱofȱdurability.ȱ

Project Approach 
Thisȱprojectȱfocusedȱonȱapplyingȱtheȱtechnologicalȱknowledgeȱaboutȱhomogeneousȱ
chargeȱcompressionȱignitionȱtoȱdevelopingȱandȱdemonstratingȱstationaryȱoperationȱofȱaȱ
multiȬcylinderȱnaturalȱgasȱhomogeneousȱchargeȱcompressionȱignitionȱengineȱthatȱmeetsȱ
theȱadvancedȱreciprocatingȱinternalȱcombustionȱengineȱprogramȱperformanceȱtargets.ȱ
Manyȱtasksȱwereȱinvolvedȱinȱtheȱdevelopmentȱofȱtheȱhomogeneousȱchargeȱcompressionȱ
ignitionȱengineȱforȱthisȱadvancedȱreciprocatingȱinternalȱcombustionȱengineȱproject:ȱ

x SingleȱCylinderȱEngineȱTestingȱ
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x BreathingȱDesignȱforȱMultiȬcylinderȱEngineȱ

x MultiȬcylinderȱEngineȱSetȬpointȱOptimizationȱ

x SitingȱandȱInstallationȱofȱMultiȬcylinderȱEngineȱ

x InstallȱETVȱonȱMultiȬcylinderȱengineȱandȱInitialȱhomogeneousȱchargeȱ
compressionȱignitionȱenginesȱOperationȱ

x DesignȱIntegrationȱandȱReviewȱ

x ImplementȱadvancedȱreciprocatingȱinternalȱcombustionȱengineȱDesignȱonȱmultiȬ
cylinderȱhomogeneousȱchargeȱcompressionȱignitionȱEngineȱ

x 1000ȱHoursȱOperationȱofȱhomogeneousȱchargeȱcompressionȱignitionȱadvancedȱ
reciprocatingȱinternalȱcombustionȱengineȱmultiȬcylinderȱengineȱ

x TechnologyȱTransferȱActivitiesȱ

Project Outcomes 
TheȱtechnicalȱapproachȱwasȱtoȱdevelopȱandȱoperateȱaȱCaterpillarȱ6Ȭcylinderȱengineȱ
modelȱ3406ȱnaturalȱgasȱengineȱconvertedȱfromȱaȱsparkȱignitedȱengineȱintoȱaȱ
homogeneousȱchargeȱcompressionȱignitionȱengine.ȱTheȱgoalȱofȱachievingȱtheȱadvancedȱ
reciprocatingȱinternalȱcombustionȱengineȱperformanceȱtargets,ȱprimarilyȱaȱ200ȱkWȱ
engineȱwithȱ45ȱpercentȱbrakeȱthermalȱefficiencyȱandȱ0.015ȱgrams/brakeȱhorseȱpowerȱ
hourȱNOx,ȱhasȱnotȱyetȱbeenȱrealized.ȱHoweverȱprogressȱtowardsȱdevelopmentȱofȱ
practicalȱhomogeneousȱchargeȱcompressionȱignitionȱengineȱsystemȱforȱstationaryȱpowerȱ
generationȱwasȱmade.ȱAllȱmajorȱengineȱsystemsȱwereȱmodifiedȱwithȱaȱviewȱtoȱobtainȱaȱ
stationaryȱhomogeneousȱchargeȱcompressionȱignitionȱengineȬgeneratorȱsystem.ȱTheȱ
followingȱoutcomesȱandȱobservationsȱwereȱmade:ȱȱ

x Aȱthermalȱmanagementȱsystemȱwasȱdesignedȱandȱbuiltȱbasedȱonȱanalysis.ȱTheȱ
systemȱconsistsȱofȱaȱpreheaterȱandȱanȱintercoolerȱconnectedȱinȱparallel.ȱFreshȱ
chargeȱisȱcirculatedȱthroughȱeitherȱheatȱexchangerȱandȱthenȱblendedȱtoȱobtainȱ
appropriateȱcombustion.ȱThisȱsystemȱalsoȱallowsȱforȱcylinderȱbyȱcylinderȱcontrolȱ
ofȱintakeȱtemperature.ȱ

x Theȱengineȱisȱstartedȱinȱhomogeneousȱchargeȱcompressionȱignitionȱmodeȱbyȱ
runningȱaȱnaturalȱgasȱfueledȱcombustorȱthatȱheatsȱtheȱpreheater.ȱTheȱintakeȱgasesȱ
areȱthenȱcirculatedȱthroughȱtheȱhotȱpreheater,ȱreachingȱaȱhighȱenoughȱ
temperatureȱforȱhomogeneousȱchargeȱcompressionȱignitionȱtoȱoccur.ȱOnceȱ
combustionȱstarts,ȱitȱisȱselfȬsustaining,ȱandȱthereforeȱtheȱburnerȱcanȱbeȱturnedȱoffȱ
quicklyȱafterȱignition.ȱ

x Theȱfuelingȱsystemȱwasȱmodifiedȱbyȱreplacingȱtheȱstockȱnaturalȱgasȱcarburetorȱ
byȱaȱcarburetorȱdesignedȱforȱliquidȱpetroleumȱgas.ȱThisȱchangeȱadjustsȱtheȱ
equivalenceȱratioȱtoȱtheȱvalueȱdesiredȱforȱhomogeneousȱchargeȱcompressionȱ
ignitionȱcombustionȱ(I~0.4),ȱandȱeliminatesȱtheȱriskȱofȱoverȱfuelingȱthatȱmayȱ
damageȱtheȱengine.ȱ
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x Selectionȱofȱaȱturbochargerȱcausedȱproblems,ȱasȱtheȱlowȱtemperatureȱexhaustȱinȱ
homogeneousȱchargeȱcompressionȱignitionȱenginesȱmakesȱcommerciallyȱ
availableȱturbochargersȱinappropriateȱforȱhomogeneousȱchargeȱcompressionȱ
ignitionȱoperation.ȱInstead,ȱaȱsuperchargerȱwasȱselected,ȱatȱtheȱexpenseȱofȱ
reducedȱpowerȱoutputȱandȱefficiency.ȱ

x AȱrealȬtimeȱoperationalȱcontrolȱsystemȱwasȱimplementedȱandȱallowedȱtheȱ
developmentȱofȱcontrolȱalgorithmsȱforȱhomogeneousȱchargeȱcompressionȱ
ignitionȱengineȱcontrol.ȱTheȱcontrolȱsystemȱactivatedȱblendingȱvalvesȱbetweenȱ
hotȱandȱcoldȱintakeȱstreamsȱtoȱobtainȱtheȱappropriateȱchargeȱtemperatureȱforȱ
optimumȱignitionȱtimingȱinȱallȱcylinders.ȱ

x Theȱengineȱwasȱrunȱinȱhomogeneousȱchargeȱcompressionȱignitionȱmode.ȱGoodȱ
andȱconsistentȱcombustionȱtimingȱwasȱobtainedȱinȱallȱcylinders.ȱHighȱpowerȱ
operationȱhadȱnotȱbeenȱpossibleȱbecauseȱonlyȱlimitedȱtestingȱwithȱtheȱ
superchargedȱengineȱhadȱbeenȱconducted.ȱTheȱengineȱdeliveredȱ50ȱkWȱwithȱ
atmosphericȱintake.ȱEfficiencyȱandȱpowerȱtargetsȱwereȱnotȱmetȱdueȱtoȱtheȱlackȱofȱ
anȱappropriateȱturbocharger.ȱȱ

Recommendations 
Progressȱhasȱbeenȱmadeȱinȱthisȱproject,ȱandȱcompleteȱdevelopmentȱofȱaȱhomogeneousȱ
chargeȱcompressionȱignitionȱengineȱforȱstationaryȱpowerȱmeetingȱtheȱadvancedȱ
reciprocatingȱinternalȱcombustionȱengineȱperformanceȱtargetsȱwereȱachieved.ȱTheȱkeyȱ
remainingȱtasksȱare:ȱCompleteȱinstallationȱofȱsoftwareȱandȱactuatorsȱforȱfullyȱautomatedȱ
engineȱcontrol,ȱconductȱtestingȱofȱtheȱengineȱtowardsȱfullȱloadȱoperation,ȱandȱtransitionȱ
technologyȱtoȱaȱmanufacturerȱorȱassemblerȱthroughȱpartnershipȱandȱlicensing.ȱInȱtheȱ
future,ȱtheȱengineȱwillȱbeȱusedȱasȱaȱfullyȱinstrumentedȱtestȱbedȱforȱperformanceȱstudiesȱ
ofȱhomogeneousȱchargeȱcompressionȱignitionȱcombustion.ȱFutureȱresearchȱcouldȱfocusȱ
furtherȱonȱbasicȱresearchȱofȱhomogeneousȱchargeȱcompressionȱignitionȱcontrol.ȱThisȱ
homogeneousȱchargeȱcompressionȱignitionȱengineȱisȱanȱidealȱtestȱbedȱforȱtestingȱcontrolȱ
systemsȱforȱinexpensiveȱandȱrobustȱcombustionȱcontrolȱinȱmultiȬcylinderȱengines.ȱ
Variousȱlinearȱandȱnonlinearȱcontrolȱmethodologiesȱwereȱemployedȱtoȱdevelopȱcontrolȱ
algorithms.ȱSpecifically,ȱoneȱmethodȱtoȱbeȱusedȱisȱextremum,ȱseekingȱcontrolȱtoȱprovideȱ
onlineȱoptimizationȱofȱtheȱengineȱefficiencyȱandȱemissions.ȱ
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1.0 Introduction 

1.1. Project Rationale 
Homogeneousȱchargeȱcompressionȱignitionȱ(HCCI)ȱenginesȱhaveȱbeenȱoftenȱconsideredȱ
asȱanȱalternativeȱprimeȱmoverȱforȱtransportationȱandȱstationaryȱapplications.ȱ
AutomobileȱandȱengineȱmanufacturersȱareȱinterestedȱinȱHCCIȱenginesȱdueȱtoȱtheirȱ
potentialȱforȱhighȱefficiencyȱandȱlowȱemissions.ȱHCCIȱcombustionȱisȱfundamentallyȱ
differentȱthanȱcombustionȱinȱsparkȬignitedȱ(SI)ȱenginesȱandȱdieselȱengines.ȱHCCIȱ
combustionȱisȱaȱthermalȱautoȱignitionȱofȱaȱpremixedȱfuelȬairȱmixture,ȱwithȱnoȱflameȱ
propagationȱ(asȱinȱSIȱengines)ȱorȱmixingȬcontrolledȱcombustionȱ(asȱinȱdieselȱengines)ȱ
(Suzukiȱetȱal.ȱ1998).ȱHCCIȱenginesȱcanȱrunȱextremelyȱleanȱ(equivalenceȱratioȱ~0.4),ȱ
yieldingȱcombustionȱtemperaturesȱlowȱenoughȱthatȱtheȱengineȱproducesȱextremelyȱlowȱ
NOxȱemissionsȱ(aȱfewȱpartsȱperȱmillionȱ[ppm])ȱwithȱnoȱneedȱforȱafterȱtreatment.ȱLean,ȱ
premixedȱcombustionȱalsoȱresultsȱinȱnearȱzeroȱparticulateȱmatterȱemissions.ȱFinally,ȱ
HCCIȱenginesȱdoȱnotȱrequireȱsparkȱplugsȱorȱaȱthreeȬwayȱcatalyst,ȱandȱareȱthereforeȱ
expectedȱtoȱhaveȱlowerȱmaintenanceȱcostsȱthanȱSIȱengines.ȱInȱsummary,ȱHCCIȱenginesȱ
haveȱaȱcombinationȱofȱpotentialȱcharacteristicsȱthatȱmakesȱthemȱdesirableȱforȱpowerȱ
generation,ȱincludingȱhighȱbrakeȱthermalȱefficiency,ȱlowȱNOxȱemissionsȱandȱlowȱ
maintenanceȱrequirements.ȱ

HCCIȱenginesȱdoȱpresentȱsomeȱtechnicalȱchallengesȱthatȱhaveȱsoȱfarȱkeptȱthemȱfromȱ
widespreadȱcommercialization.ȱTheȱmainȱhurdlesȱareȱcombustionȱtimingȱcontrol,ȱlowȱ
specificȱpowerȱoutput,ȱhighȱemissionsȱofȱhydrocarbonȱ(HC)ȱandȱcarbonȱmonoxideȱ(CO),ȱ
andȱdifficultyȱtoȱstartȱwhenȱcoldȱ(Suzukiȱetȱal.ȱ1998).ȱTheseȱareȱformidableȱtechnicalȱ
challengesȱforȱtransportationȱapplications,ȱdueȱtoȱtheȱfastȱtransientsȱrequiredȱtoȱmeetȱtheȱ
roadȱloadȱandȱdueȱtoȱtheȱsizeȱrestrictionsȱinsideȱaȱvehicle.ȱHowever,ȱforȱstationaryȱ
applications,ȱtheseȱissuesȱmayȱnotȱbeȱasȱchallenging,ȱbecauseȱaȱstationaryȱengineȱrunsȱ
predominantlyȱatȱaȱconstantȱspeedȱandȱtheȱloadȱchangesȱrelativelyȱslowly.ȱUnderȱtheseȱ
conditions,ȱcombustionȱcontrolȱbecomesȱmuchȱmoreȱtractable.ȱExternalȱcomponentsȱ(e.g.ȱ
aȱburnerȱandȱheatȱexchangerȱforȱstartingȱtheȱengine)ȱcanȱeasilyȱbeȱinstalledȱinȱstationaryȱ
engines,ȱsinceȱsizeȱrestrictionsȱareȱtypicallyȱnotȱasȱstrictȱasȱforȱtransportationȱ
applications.ȱ

Thisȱreportȱdescribesȱtheȱdevelopmentȱofȱaȱ6Ȭcylinderȱ14.6ȱliterȱHCCIȱengineȱ(basedȱonȱ
Caterpillarȱ3406ȱgeneratorȱset)ȱconductedȱasȱpartȱofȱtheȱCaliforniaȱEnergyȱCommission’sȱ
AdvancedȱReciprocatingȱInternalȱCombustionȱEngineȱ(ARICE)ȱProgram.ȱTheȱreportȱ
presentsȱallȱtheȱstagesȱofȱtheȱdevelopmentȱprocess,ȱstartingȱwithȱbasicȱanalysisȱandȱthenȱ
describingȱallȱtheȱnecessaryȱmodificationsȱinȱtheȱdifferentȱengineȱsystems,ȱincludingȱtheȱ
thermalȱmanagementȱandȱcontinuingȱwithȱtheȱstartingȱsystem,ȱtheȱfuelingȱsystem,ȱtheȱ
boostingȱsystemȱandȱtheȱcontrols.ȱȱ

ȱ
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1.2. Project Objective 
Thisȱobjectiveȱofȱthisȱprojectȱwasȱtoȱmeetȱtheȱ2007ȱtargetsȱlaidȱoutȱinȱtheȱARICEȱProgramȱ
byȱ2004.ȱTheseȱtargetsȱwereȱ45%ȱefficientȱenginesȱachievingȱwithȱ0.015ȱgrams/brakeȱ
horseȱpowerȱhourȱ(g/bhpȬhr)ȱNOxȱandȱ0.02ȱg/bhpȬhrȱCO,ȱatȱdȱ$700/kWȱcostȱandȱtȱ10,000ȱ
hoursȱB10ȱdurabilityȱ(tȱ45,000ȱhoursȱbetweenȱmajorȱoverhauls).ȱTableȱ1ȱshowsȱtheȱfullȱ
listȱofȱtargets.ȱThisȱspecificȱprojectȱobjectiveȱfocusedȱprimarilyȱonȱdevelopmentȱofȱtheȱ
ARICEȱHCCIȱengineȱsystemȱtowardsȱmeetingȱtheȱperformanceȱandȱemissionsȱtargetsȱofȱ
theȱEnergyȱCommissionȱARICEȱprogram,ȱwithȱaȱplannedȱ1000ȱhoursȱofȱtestingȱtoȱ
demonstrateȱaȱlevelȱofȱdurability.ȱ

Table 1: Performance Targets for ARICE HCCI Engine System 

Performance Characteristics of  
Advanced Reciprocating Internal Combustion Engine System (Production Prototype) 

Rated Size:           -------266---------hp                                          ---------200--------kWe 
Application(s): Distributed Generation 

Parameter 2003 2005 2007(2004)* 2010 
Efficiency 
Brake Thermal Efficiency   t45%  
Fuel-to-Electric Efficiency   t45%  
Overall Efficiency (CHP)   N/A  
Emissions - shaft power (g/bhp-hr)  
Oxides of Nitrogen (NOx)    d0.015  
Carbon Monoxide (CO)   d0.02  
Volatile Organic Compounds (VOCs)   d0.006  
Particulate Matter (PM10)   d0.01  
Emissions – power generation (lb/MWehr)  
Oxides of Nitrogen (NOx)    d0.05  
Carbon Monoxide (CO)   d0.08  
Volatile Organic Compounds (VOCs)   d0.02  
Particulate Matter (PM10)   d0.03  
Cost     
Complete Installed Cost ($/kWe)   d700  

O&M Cost ($/kWh)   d0.005  
Availability & Durability 
Availability   92%  
B10 Durability (hours)   t10,000  
Mean Time Between Major Overhauls 
(hours) 

  t45,000  

* Parenthetical (2004) refers to project goal of meeting 2007 target by 2004 



   7

 

2.0 Project Approach  
HomogeneousȱChargeȱCompressionȱIgnitionȱ(HCCI)ȱisȱanȱalternativeȱengineȱtechnologyȱ
underȱconsiderationȱdueȱtoȱitsȱpotentialȱtoȱlowerȱemissionsȱofȱNOxȱwhileȱmaintainingȱ
theȱhighȱlevelȱofȱefficiencyȱtypicalȱofȱmodernȱdirectȱinjectionȱ(DI)ȱDieselȱenginesȱ(Suzukiȱ
etȱal.ȱ1998).ȱHCCIȱcombustionȱhasȱstudiedȱoverȱsinceȱtheȱlateȱ1970’sȱandȱgivenȱmanyȱ
namesȱincludingȱActiveȱThermoȬAtmosphereȱCombustionȱ(ATAC,ȱOnishiȱetȱal.ȱ1979),ȱ
LeanȱHomogeneousȱCombustion,ȱDieselȱFumigation,ȱCompressionȱIgnitedȱ
HomogeneousȱChargeȱCombustionȱ(CIHC),HomogeneousȱAutoȬIgnitionȱTwoȱ
Stroke(HAT),ȱToyotaȬSokenȱ(TS)ȱCombustion,ȱPremixȱChargeȱCompressionȱIgnitionȱ
(PCCI,ȱFlynnȱetȱal.ȱ1999),ȱActiveȬRadicalȱ(AR,ȱIshibashiȱetȱal.ȱ1996)ȱCombustion,ȱ
PremixedȱLeanȱDieselȱCombustionȱ(PREDIC),ȱUniformȱBulkyȱCombustionȱSystemȱ
(UNIBUS,ȱYanagiharaȱetȱal.ȱ1996),ȱHomogeneousȱChargeȱCompressionȱIgnitionȱDieselȱ
Combustionȱ(HCDC),ȱHomogeneousȱChargeȱintelligentȱMultipleȱInjectionȱCombustionȱ
Systemȱ(HiMICS),ȱMultipleȱStageȱDieselȱCombustionȱ(MULDIC,ȱHashizumeȱetȱal.ȱ1998),ȱ
andȱPremixedȱCompressionȱIgnitedȱCombustionȱ(PCIC,ȱMiyamotoȱetȱal.ȱ1999).ȱȱ

Whileȱresearchersȱofȱeachȱofȱtheseȱsystemsȱhaveȱtakenȱaȱslightlyȱdifferentȱapproachȱtoȱ
achievingȱHCCIȱcombustion,ȱtheȱbasicȱoperatingȱpremiseȱofȱeachȱisȱessentiallyȱtheȱsame.ȱ
HCCIȱcombustionȱrefersȱtoȱanȱengineȬoperatingȱregimeȱinȱwhichȱaȱmixtureȱwithȱaȱhighȱ
degreeȱofȱhomogeneityȱisȱmadeȱtoȱautoȱigniteȱbyȱcompressionȱignition.ȱThisȱautoȬ
ignitionȱofȱaȱwellȬmixedȱchargeȱproducesȱaȱcombustionȱeventȱwhichȱdiffersȱsignificantlyȱ
fromȱeitherȱsparkȱignitionȱ(SI)ȱorȱtraditionalȱcompressionȱignitionȱ(CI)ȱenginesȱinȱthatȱtheȱ
timingȱofȱtheȱignitionȱeventȱisȱaȱfunctionȱonlyȱofȱtheȱstateȱofȱtheȱmixtureȱandȱtheȱ
combustionȱeventȱproceedsȱatȱaȱrateȱthatȱisȱcontrolledȱneitherȱbyȱflameȱpropagationȱnorȱ
diffusionȱmixingȱprocessesȱbutȱbyȱchemicalȱkineticsȱalone.ȱTheȱprimaryȱadvantageȱofȱ
HCCIȱcombustionȱisȱtheȱpossibilityȱitȱoffersȱtoȱproduceȱveryȱlowȱNOxȱ(lessȱthanȱ10ȱppm)ȱ
atȱhighȱthermalȱefficiencyȱdueȱtoȱtheȱfactȱthatȱhighlyȱdilutedȱmixturesȱcanȱbeȱburnedȱ
withoutȱtheȱhighȱpeakȱflameȱtemperaturesȱproducedȱinȱbothȱCIȱandȱSIȱcombustion.ȱ

TheȱgreatȱpotentialȱofȱtheȱHCCIȱcombustionȱsystemȱliesȱinȱitsȱhomogeneousȱnature.ȱSIȱ
enginesȱtypicallyȱhaveȱaȱsingleȱflameȱfrontȱwhichȱtraversesȱtheȱentireȱcylinder.ȱTheȱgasesȱ
thatȱburnȱearlyȱinȱtheȱcycleȱareȱcontinuallyȱraisedȱtoȱhigherȱtemperatures,ȱgeneratingȱ
largeȱconcentrationsȱofȱNOxȱinȱtheȱprocess.ȱThisȱhighlyȱstratifiedȱtemperatureȱ
distributionȱinȱtheȱcylinderȱrequiresȱaȱreductionȱinȱtheȱmeanȱtemperatureȱtoȱavoidȱpeakȱ
temperaturesȱwhichȱwouldȱleadȱtoȱhighȱNOxȱformationȱrates.ȱTheȱneedȱtoȱreduceȱtheȱ
meanȱinȬcylinderȱtemperatureȱduringȱcombustionȱhasȱledȱtoȱtheȱintroductionȱofȱEGRȱ
andȱleanȱburnȱenginesȱbutȱtheȱpeakȱtemperatureȱtoȱmeanȱcylinderȱtemperatureȱproblemȱ
persists.ȱWhileȱdilutionȱinȱsparkȱignitedȱenginesȱcanȱreduceȱNOxȱemissions,ȱtheȱ
minimumȱlevelȱisȱdictatedȱbyȱtheȱdifficultyȱofȱrealizingȱsparkȱignitionȱandȱflameȱ
propagationȱinȱhighlyȱdilutedȱmixtures.ȱInȱtraditionalȱCIȱenginesȱaȱsimilarȱproblemȱ
arisesȱforȱdifferentȱreasons.ȱWhileȱtheȱoverallȱchargeȱequivalenceȱratioȱisȱwellȱbelowȱ
stoichiometric,ȱtheȱequivalenceȱratioȱinȱtheȱcombustionȱzoneȱisȱveryȱnearȱone.ȱTheȱresultȱ
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ofȱthisȱisȱaȱveryȱhighȱflameȱtemperature,ȱevenȱinȱhighlyȱdilutedȱmixtures,ȱwhichȱbyȱitsȱ
veryȱnatureȱproducesȱhighȱNOxȱemissions.ȱHCCIȱcombustionȱseeksȱtoȱovercomeȱthisȱ
peakȱflameȱtemperatureȱissueȱbyȱcombustingȱtheȱmixtureȱwithoutȱaȱflameȱfront,ȱwithȱtheȱ
entireȱmixtureȱburningȱhomogeneouslyȱatȱaȱcontrollableȱrate.ȱInȱsoȱdoing,ȱtheȱpeakȱ
combustionȱtemperatureȱisȱessentiallyȱequalȱtoȱtheȱmeanȱinȬcylinderȱtemperatureȱthusȱ
minimizingȱNOxȱproductionȱatȱaȱgivenȱefficiency.ȱȱ

MuchȱprogressȱandȱmanyȱsuccessesȱonȱsingleȬcylinderȱresearchȬtypeȱHCCIȱenginesȱhaveȱ
beenȱpreviouslyȱreportedȱ(Mirimotoȱetȱal.ȱ2001,ȱLawȱandȱAllenȱ2002,ȱYangȱetȱal.ȱ2002).ȱInȱ
mostȱcases,ȱtheseȱsuccessesȱareȱfocusedȱonȱautomotiveȱpowerȱtrains,ȱanȱapplicationȱthatȱ
necessitatesȱtheȱabilityȱofȱtheȱengineȱtoȱoperateȱoverȱaȱwideȱrangeȱofȱspeedȱandȱload.ȱ
ApplicationȱofȱHCCIȱforȱgeneratingȱelectricȱpowerȱallowsȱtheȱHCCIȱcontrolȱproblemsȱtoȱ
beȱreduced,ȱsinceȱtheȱengineȱwillȱoperateȱatȱaȱconstantȱ1800ȱrevolutionsȱperȱminuteȱ
(rpm),ȱand,ȱatȱleastȱinȱtheȱbeginning,ȱatȱfullȱpower,ȱasȱisȱdoneȱforȱbaseȱloadȱgenerationȱ
andȱforȱpeakingȱgeneration.ȱ

ThisȱprojectȱfocusedȱonȱapplyingȱtheȱtechnologicalȱknowledgeȱaboutȱHCCIȱtoȱ
developingȱandȱdemonstratingȱstationaryȱoperationȱofȱaȱmultiȬcylinderȱnaturalȱgasȱ
HCCIȱengineȱthatȱmeetsȱtheȱARICEȱProgramȱperformanceȱtargets.ȱManyȱtasksȱwereȱ
involvedȱinȱtheȱdevelopmentȱofȱtheȱHCCIȱengineȱforȱthisȱARICEȱproject.ȱTheseȱtasksȱ
rangedȱfromȱsingleȬcylinderȱengine,ȱnumericalȱmodelingȱofȱtheȱoperationalȱstrategy,ȱ
systemȱdesignȱandȱimplementation,ȱdurabilityȱtesting,ȱandȱtechnologyȱtransfer.ȱTheȱgoalȱ
ofȱeachȱofȱtheseȱvariousȱtasksȱareasȱasȱtheyȱapplyȱtoȱdevelopmentȱofȱtheȱARICEȱHCCIȱ
engineȱareȱdescribedȱinȱtheȱfollowingȱsections.ȱ

ȱ

2.1. Single Cylinder Engine Testing  
Theȱgoalȱofȱthisȱtaskȱwasȱtoȱsetupȱandȱoperateȱaȱ2.4ȱliterȱsingleȬcylinderȱCaterpillarȱ3401ȱ
(CAT3401)ȱengineȱinȱHCCIȱmodeȱwithȱtheȱviewȱofȱdevelopingȱaȱcontrolȱsystemȱforȱtheȱ
multiȬcylinderȱengine.ȱTheȱcontrolȱsystemȱwasȱtoȱbeȱbasedȱuponȱexhaustȱgasȱ
recirculationȱ(EGR)ȱbyȱuseȱofȱanȱExhaustȱThrottleȱValveȱ(ETV).ȱTheȱETVȱwasȱtoȱbeȱbuiltȱ
andȱinstalledȱonȱtheȱCAT3401ȱengine,ȱandȱanȱETVȱbasedȱcombustionȱtimingȱcontrolȱ
systemȱwillȱbeȱdeveloped.ȱTransitionȱbetweenȱsparkȬignitedȱoperationȱandȱHCCIȱbyȱuseȱ
ofȱEGRȱwasȱtoȱbeȱinvestigated.ȱThisȱtaskȱwasȱconductedȱatȱUniversityȱofȱCaliforniaȱ
Berkeleyȱ(UCB)ȱusingȱtheȱCAT3401ȱresearchȱengineȱalreadyȱoperatingȱinȱHCCIȱmode.ȱ

Successfulȱcompletionȱofȱthisȱtaskȱwasȱmeasuredȱbyȱdesignȱandȱimplementationȱofȱanȱ
EGRȱcontrolȱsystemȱbasedȱuponȱtheȱETVȱthatȱcanȱbeȱreadilyȱusedȱonȱtheȱmultiȬcylinderȱ
engine.ȱ

Meetingȱthisȱgoalȱhelpedȱtoȱachieveȱtheȱprojectȱobjectivesȱbyȱprovidingȱtheȱmeansȱtoȱ
controlȱcombustionȱtimingȱforȱtheȱARICEȱsystem.ȱ

ȱ
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2.2. Breathing Design for Multi-cylinder Engine 
Theȱgoalȱofȱthisȱtaskȱwasȱtoȱoptimizeȱtheȱengineȱbreathingȱ(intakeȱvalveȱtiming,ȱexhaustȱ
valveȱtiming,ȱturbocharger)ȱofȱtheȱmultiȬcylinderȱengine.ȱThisȱworkȱwasȱperformedȱ
entirelyȱunderȱaȱsubcontractȱtoȱRicardo,ȱInc.ȱ(expertsȱmodelingȱandȱdesignȱofȱengineȱ
breathing).ȱ

Successfulȱcompletionȱofȱthisȱtaskȱwasȱmeasuredȱbyȱdeliveryȱofȱdesignȱspecificationsȱforȱ
camshaftȱandȱturbochargerȱforȱtheȱmultiȬcylinderȱengine.ȱ

Meetingȱthisȱgoalȱhelpedȱtoȱachieveȱtheȱprojectȱobjectivesȱbyȱoptimizingȱtheȱbreathingȱofȱ
theȱengineȱandȱminimizingȱlossesȱthatȱwouldȱbeȱassociatedȱwithȱpoorȱengineȱbreathing.ȱ

ȱ

2.3. Multi-cylinder Engine Set-point Optimization 
TheȱgoalȱofȱthisȱtaskȱwasȱtoȱuseȱtheȱLawrenceȱLivermoreȱNationalȱLaboratoryȱ(LLNL)ȱ
advancedȱnumericalȱHCCIȱsimulationsȱtoolsȱtoȱselectȱtheȱoptimalȱoperatingȱpointȱforȱtheȱ
multiȬcylinderȱengine.ȱByȱusingȱanalyticalȱmethods,ȱtheȱnumberȱofȱengineȱtestsȱrequiredȱ
toȱidentifyȱtheȱbestȱengineȱoperatingȱpointȱcouldȱbeȱsignificantlyȱreduced.ȱThisȱsingleȬ
zoneȱmodelȱwasȱusedȱtoȱoptimizeȱtheȱengineȱsetȬpointȱ(theȱpointȱwhereȱengineȱwillȱ
operateȱtoȱmeetȱARICEȱspecifications)ȱwithȱrespectȱtoȱbrakeȱthermalȱefficiency,ȱpowerȱ
density,ȱandȱNOxȱemissions.ȱMultiȬzoneȱmodelingȱwasȱtoȱbeȱusedȱtoȱfurtherȱrefineȱtheȱ
optimizationȱwithȱadditionalȱconsiderationȱofȱcombustionȱefficiencyȱandȱhydrocarbonȱ
andȱcarbonȱmonoxideȱemissions.ȱ

SuccessfulȱcompletionȱofȱthisȱtaskȱwasȱmeasuredȱbyȱspecificationȱofȱARICEȱHCCIȱ
operatingȱpoint.ȱ

Meetingȱthisȱgoalȱhelpedȱtoȱachieveȱtheȱprojectȱobjectivesȱbyȱreducingȱtheȱamountȱofȱ
testingȱrequiredȱtoȱselectȱtheȱbestȱoperatingȱpoint.ȱ

ȱ

2.4. Siting and Installation of Multi-cylinder Engine 
Theȱgoalȱofȱthisȱtaskȱwasȱtoȱsite,ȱinstall,ȱandȱoperateȱtheȱmultiȬcylinderȱengine/generatorȱ
setȱinȱstockȱsparkȬignitedȱmode.ȱ

Meetingȱthisȱgoalȱhelpedȱtoȱachieveȱtheȱprojectȱobjectivesȱbyȱprovidingȱtheȱplatformȱforȱ
developmentȱofȱtheȱARICEȱsystem.ȱ

ȱ

2.5. Install ETV on Multi-cylinder engine and Initial HCCI 
Operation 

TheȱgoalȱofȱthisȱtaskȱwasȱtoȱinstallȱtheȱETVȱsystemȱonȱeachȱcylinderȱofȱtheȱMultiȬcylinderȱ
engine.ȱTheȱETVȱsystemȱcontrolȱsystemȱwasȱtoȱserveȱasȱtheȱbasisȱforȱtheȱcontrolȱsystemȱ
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forȱHCCIȱoperation.ȱTheȱengineȱwasȱoperatedȱinȱnaturallyȱaspiratedȱHCCIȱmodeȱbyȱtheȱ
conclusionȱofȱtheȱtask.ȱ

SuccessfulȱcompletionȱofȱthisȱtaskȱwasȱmeasuredȱbyȱinitialȱoperationȱofȱmultiȬcylinderȱ
engineȱinȱnaturallyȱaspiratedȱHCCIȱmode.ȱ

Meetingȱthisȱgoalȱhelpedȱtoȱachieveȱtheȱprojectȱobjectivesȱbyȱcompletingȱintermediateȱ
engineȱsetupȱneededȱtoȱdevelopȱtheȱARICEȱsystem.ȱ

ȱ

2.6. Design Integration and Review 
Theȱgoalȱofȱthisȱtaskȱwasȱtoȱintegrateȱdataȱfromȱtasksȱ2.1Ȭ5ȱintoȱdevelopmentȱofȱaȱdesignȱ
planȱforȱtheȱmultiȬcylinderȱHCCIȱengine.ȱAȱplanȱwasȱtoȱbeȱdrafted,ȱfollowedȱbyȱaȱ
CriticalȱProjectȱReviewȱ(CPR).ȱCommentsȱfromȱtheȱCPRȱwereȱtoȱbeȱincorporatedȱintoȱaȱ
finalȱdesignȱplanȱforȱimplementationȱofȱtheȱHCCIȱARICEȱsystem.ȱ

Successfulȱcompletionȱofȱthisȱtaskȱwasȱmeasuredȱbyȱgenerationȱofȱaȱfinalȱdesignȱplanȱforȱ
theȱARICEȱHCCIȱsystem.ȱ

Meetingȱthisȱgoalȱhelpedȱtoȱachieveȱtheȱprojectȱobjectivesȱbyȱdevelopingȱandȱreviewingȱ
theȱdesignȱforȱtheȱHCCIȱARICEȱsystem.ȱ

ȱ

2.7. Implement ARICE Design on Multi-cylinder HCCI Engine 
TheȱgoalȱofȱthisȱtaskȱwasȱtoȱimplementȱtheȱFinalȱDesignȱPlanȱtoȱmakeȱtheȱnecessaryȱ
modificationsȱtoȱtheȱmultiȬcylinderȱengineȱtoȱachieveȱARICEȱgoals.ȱOptimalȱcamȱdesign,ȱ
turbochargerȱandȱcatalystȱwasȱtoȱbeȱimplementedȱontoȱtheȱmultiȬcylinderȱengine,ȱalongȱ
withȱtheȱoptimalȱfeedbackȱcontrolȱsystem.ȱAtȱtheȱconclusionȱofȱthisȱtaskȱtheȱengineȱwasȱ
toȱhaveȱbeenȱoperatedȱwithȱdemonstratedȱperformanceȱmeetingȱARICEȱgoals.ȱ

Successfulȱcompletionȱofȱthisȱtaskȱwasȱmeasuredȱbyȱcompletionȱofȱtestsȱdemonstratingȱ
theȱengineȱoperatingȱatȱorȱbetterȱthanȱtheȱARICEȱperformanceȱspecifications.ȱ

MeetingȱthisȱgoalȱhelpedȱtoȱachieveȱtheȱprojectȱobjectivesȱbyȱdemonstratingȱanȱARICEȱ
EPAGȱsystem.ȱ

ȱ

2.8. 1000 Hours Operation of HCCI ARICE Multi-cylinder 
Engine 

Theȱgoalȱofȱthisȱtaskȱwasȱtoȱdemonstrateȱ1000ȱhoursȱofȱreliableȱoperationȱofȱaȱ200ȱkWȱ
MultiȬcylinderȱARICEȱEPAGȱsystem.ȱ

Successfulȱcompletionȱofȱthisȱtaskȱwasȱtoȱbeȱmeasuredȱbyȱcompletionȱofȱ1000ȱhoursȱofȱ
operationȱofȱtheȱmultiȬcylinderȱARICEȱEPAGȱsystem.ȱȱ
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Meetingȱthisȱgoalȱwasȱtoȱhelpȱtoȱachieveȱtheȱprojectȱobjectivesȱbyȱdemonstratingȱreliableȱ
performanceȱofȱtheȱARICEȱEPAGȱsystem.ȱ

ȱ

2.9. Technology Transfer Activities 
Theȱgoalȱofȱthisȱtaskȱwasȱtoȱdevelopȱaȱplanȱtoȱmakeȱtheȱknowledgeȱgained,ȱexperimentalȱ
resultsȱandȱlessonsȱlearnedȱavailableȱtoȱdecisionȬmakersȱinȱindustryȱandȱgovernment.ȱ
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3.0 Results 
Inȱthisȱsectionȱofȱtheȱreport,ȱtheȱresultsȱofȱtheȱeffortsȱonȱtheȱvariousȱtasksȱareȱpresentedȱ
andȱdiscussedȱinȱtheȱfollowingȱsections.ȱ

ȱȱ

3.1. Single Cylinder Engine Testing 
ThisȱsectionȱdocumentsȱtheȱsingleȱcylinderȱtestingȱworkȱdoneȱonȱtheȱsingleȬcylinderȱ
engineȱatȱUCȱBerkeleyȱinȱsupportȱofȱtheȱARICEȱHCCIȱR&Dȱprogram.ȱEngineȱtestingȱwasȱ
conductedȱonȱtheȱsingleȬcylinderȱengineȱatȱUCȱBerkeleyȱtoȱunderstandȱandȱhelpȱ
overcomeȱtheȱtechnicalȱbarriersȱtowardsȱHCCIȱengineȱoperation.ȱTheȱfollowingȱsectionsȱ
describeȱtheȱexperimentalȱapparatusȱandȱtheȱresultsȱofȱtheȱexperimentalȱinvestigations.ȱ

3.1.1. Experimental setup 
Caterpillar 3401 Single Cylinder Test Engine 
BecauseȱHomogeneousȱChargeȱCompressionȱIgnitionȱisȱaȱreciprocatingȱengineȱconcept,ȱ
nearlyȱanyȱengineȱmayȱbeȱadaptedȱforȱthisȱtypeȱofȱoperation.ȱTwoȱandȱfourȱstroke,ȱ
gasoline,ȱdieselȱandȱnaturalȱgasȱenginesȱareȱallȱcandidatesȱforȱHCCI.ȱOfȱcourseȱthereȱareȱ
reasonsȱtoȱchooseȱoneȱengineȱtypeȱoverȱanother.ȱȱ

Firstȱofȱall,ȱaȱsingleȱcylinderȱengineȱisȱidealȱforȱproofȱofȱinitialȱconcepts,ȱasȱitȱmassivelyȱ
simplifiesȱexperimentation.ȱHavingȱmultipleȱcylindersȱintroducesȱmanyȱmoreȱissuesȱthatȱ
wouldȱbeȱoverwhelmingȱwhenȱexploringȱnewȱideas.ȱTheseȱissuesȱincludeȱcylinderȬtoȬ
cylinderȱbalancing,ȱandȱintakeȱandȱexhaustȱmanifoldȱeffects.ȱForȱexample,ȱunevenȱ
coolingȱwaterȱtemperatureȱdistribution,ȱcompressionȱratios,ȱandȱfuel/airȱmixturesȱcanȱallȱ
significantlyȱaffectȱtheȱcombustionȱtimingȱandȱamplitudeȱinȱeachȱcylinder.ȱ

Theȱhigherȱcompressionȱratiosȱrequiredȱforȱauto–ignitionȱofȱfuelsȱsuchȱasȱnaturalȱgas,ȱ
andȱtheȱhigh,ȱsharpȱpeakȱcylinderȱpressuresȱinherentȱtoȱHCCIȱsuggestȱaȱformerȱdieselȱ
engineȱbeȱused.ȱTheȱCaterpillarȱ3401ȱisȱintendedȱforȱdieselȱengineȱlubricantȱtesting,ȱhasȱaȱ
compressionȱratioȱofȱ16.25ȱ(137ȱmmȱbore,ȱ164ȱmmȱstroke),ȱandȱisȱrobustlyȱmade.ȱBecauseȱ
itȱwasȱdesignedȱasȱaȱtestȱengine,ȱcertainȱaspectsȱofȱitȱlendȱwellȱtoȱbeingȱmodified,ȱsuchȱasȱ
itsȱintakeȱandȱexhaustȱpipingȱandȱcombustionȱchamberȱaccess.ȱAlso,ȱbeingȱaȱsingleȱ
cylinderȱofȱ2.44ȱlitersȱprovidesȱaȱlowerȱsurfaceȱtoȱvolumeȱratioȱcomparedȱtoȱtypicalȱ
automotiveȱengines.ȱInȱHCCI,ȱheatȱlossȱtoȱtheȱcylinderȱwallȱmayȱbeȱaȱsignificantȱfactor,ȱ
soȱthisȱisȱanȱimportantȱconsideration.ȱ

Fuel System 
Theȱinitialȱsetupȱofȱtheȱ3401ȱHCCIȱengineȱatȱUCȱBerkeleyȱwasȱforȱbasicȱoperationȱinȱ
HCCIȱmode.ȱItȱhadȱsimplyȱaȱteeȱinȱtheȱintakeȱpipeȱthroughȱwhichȱgaseousȱfuelsȱenteredȱ
andȱmixedȱwithȱtheȱairȱpriorȱtoȱbeingȱinductedȱintoȱtheȱcylinder.ȱAȱneedleȱvalveȱ
controlledȱtheȱfuelȱflow,ȱwhichȱwasȱmeasuredȱwithȱaȱSierraȱInstrumentsȱSideȬTrakTMȱ840ȱ
massȱflowȱcontroller.ȱUsingȱthisȱsystem,ȱtheȱfuelȱflowȱrateȱcouldȱchangeȱdependingȱonȱ
intakeȱairȱpressureȱandȱotherȱfactorsȱevenȱifȱoneȱneverȱtouchedȱtheȱfuelȱvalve.ȱȱ
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Intake Air Systems 
BeingȱthatȱtheȱqualityȱofȱHCCIȱcombustionȱisȱsoȱsensitiveȱtoȱtheȱconditionsȱofȱitsȱintakeȱ
air,ȱtheȱCaterpillarȱ3401ȱengineȱatȱBerkeleyȱwasȱconfiguredȱtoȱallowȱflexibilityȱandȱ
controlȱofȱtheȱinletȱairȱtemperatureȱandȱpressure.ȱTheȱintakeȱpipingȱwasȱdesignedȱsuchȱ
thatȱtheȱengineȱmayȱbeȱnaturallyȱaspiratedȱorȱboosted,ȱandȱtheȱairȱtemperatureȱmayȱbeȱ
adjustedȱusingȱanȱairȱheater.ȱ

Manifold Air Pressure  
Positioningȱtheȱairȱvalvesȱtoȱtheȱnaturallyȱaspiratedȱmodeȱsimplyȱdrawsȱtheȱintakeȱairȱ
fromȱtheȱroomȱthroughȱanȱairȱfilter.ȱAfterȱtravelingȱthroughȱtheȱheadȱlossesȱofȱtheȱintakeȱ
pipingȱandȱairȱheater,ȱtheȱchargeȱisȱapproximatelyȱ0.75ȱbarȱabsoluteȱatȱtheȱmanifoldȱ
whenȱrunningȱnaturallyȱaspirated.ȱ

Ifȱanyȱmoreȱthanȱ0.75ȱbarȱabsoluteȱisȱrequired,ȱtheȱengineȱmustȱbeȱboosted.ȱOnȱaȱblownȱ
productionȱengine,ȱaȱturbochargerȱorȱsuperchargerȱcreatesȱtheȱincreaseȱinȱairȱpressure.ȱ
Theseȱdevicesȱareȱparasiticȱlossesȱtoȱtheȱengineȱbecauseȱtheyȱdrawȱtheirȱpowerȱfromȱtheȱ
exhaustȱstreamȱandȱcrankshaft,ȱrespectively.ȱOfȱcourseȱtheȱbenefitȱofȱboostingȱtheȱintakeȱ
airȱmoreȱthanȱmakesȱupȱforȱtheseȱlosses,ȱbutȱtheyȱareȱlossesȱnonetheless.ȱ

OnȱtheȱCaterpillarȱ3401,ȱtheȱboostedȱintakeȱairȱisȱdrawnȱdirectlyȱfromȱtheȱhouseȱ
compressedȱairȱsystem.ȱItȱfirstȱgoesȱthroughȱaȱpressureȱregulator,ȱwhereȱtheȱintakeȱ
pressureȱforȱtheȱengineȱmayȱbeȱadjustedȱfromȱlessȱthanȱ1.0ȱbarȱtoȱaboutȱ2.5ȱbarȱabsolute.ȱ
Nextȱinȱlineȱisȱaȱcoalescingȱfilterȱwhichȱremovesȱtheȱwaterȱthatȱinherentlyȱlivesȱinȱ
compressedȱairȱsystems.ȱTheȱairȱcompressorȱisȱaȱ100ȱhorsepowerȱblowerȱthatȱcyclesȱonȱ
andȱoffȱtoȱmeetȱtheȱneedsȱofȱtheȱbuilding’sȱlaboratoriesȱandȱstoresȱairȱatȱapproximatelyȱ
90ȱpsigȱinȱaboutȱ7ȱcubicȱmetersȱofȱtanks.ȱ

Theȱlossesȱassociatedȱwithȱdrivingȱaȱblowerȱareȱnotȱdirectlyȱaddedȱtoȱtheȱengineȱsystemȱ
andȱaȱclearerȱpictureȱofȱtheȱengineȱperformanceȱcanȱbeȱobtained.ȱAlso,ȱtheȱboostȱcanȱbeȱ
providedȱatȱaȱconstantȱlevelȱindependentȱofȱtheȱengine’sȱrunningȱconditions.ȱForȱ
examinationȱofȱtheȱeffectȱaȱrealȱturbochargerȱwouldȱhaveȱonȱtheȱCaterpillarȱ3401ȱHCCIȱ
engine,ȱexperimentsȱmayȱbeȱperformedȱinȱwhichȱtheȱexhaustȱpressureȱisȱincreased,ȱ
modelingȱaȱnonȬidealȱturbochargerȱprovidingȱtheȱintakeȱairȱboost.ȱȱ

Intake Air Heating 
Onceȱtheȱintakeȱairȱpressureȱisȱregulatedȱtoȱtheȱtestȱvalue,ȱtheȱairȱtemperatureȱmustȱbeȱ
controlled.ȱAsȱanȱexample,ȱforȱHCCIȱcombustionȱofȱnaturalȱgas,ȱtheȱintakeȱairȱ
temperatureȱmustȱbeȱinȱtheȱneighborhoodȱofȱ200ȱdegreesȱCelsius.ȱObtainingȱtheseȱ
temperaturesȱwithȱsuchȱaȱhighȱflowȱrateȱofȱairȱrequiresȱtheȱuseȱofȱanȱOSRAMȱ
SYLVANIAȱHotȱAirȱSystemȱ(modelȱ068588).ȱTheȱheaterȱitselfȱisȱaȱceramicȱelementȱinȱaȱ
pipe,ȱandȱcanȱdrawȱupȱtoȱ8ȱkWȱofȱelectricity.ȱAȱproportionalȬintegralȬderivativeȱ(PID)ȱ
controllerȱandȱSiliconȬControlledȱRectifierȱ(SCR)ȱcircuitryȱcontrolȱtheȱoutletȱtemperature.ȱ
Theȱpowerȱelectronicsȱconvertȱaȱ4ȱtoȱ20ȱmilliampȱ(mA)ȱsignalȱfromȱtheȱPIDȱcontrollerȱtoȱ
heaterȱpower.ȱ
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Exhaust Throttle 
InvestigationȱintoȱinternalȱEGRȱcontrolȱofȱanȱHCCIȱengineȱrequiredȱthatȱaȱmodulatingȱ
valveȱbeȱinstalledȱinȱtheȱexhaustȱstreamȱofȱtheȱengine.ȱOnȱtheȱCaterpillarȱ3401ȱtestȱ
engine,ȱtheȱexhaustȱpipeȱconfigurationȱwasȱsuchȱthatȱinstallationȱofȱaȱcommerciallyȱ
availableȱengineȱbrakeȱwouldȱbeȱrelativelyȱsimple.ȱMadeȱbyȱcompaniesȱsuchȱasȱ
CumminsȱandȱBD,ȱtheseȱdevicesȱareȱsimplyȱrobustȱbutterflyȱvalvesȱwithȱpneumaticȱ
actuators.ȱTheyȱareȱtypicallyȱinstalledȱatȱtheȱturbochargerȱexhaustȱonȱaȱdieselȱtruck.ȱInȱ
thisȱcase,ȱtheȱthrottleȱinstalledȱjustȱbeyondȱtheȱexhaustȱvalveȱresultsȱinȱtheȱabilityȱtoȱ
controlȱtemperatureȱofȱtheȱmixtureȱwithinȱtheȱcombustionȱchamberȱbyȱaddingȱmoreȱorȱ
lessȱresidualȱgassesȱtoȱtheȱcylinder.ȱTheȱexhaustȱthrottleȱisȱshownȱinȱFigureȱ1.ȱ

Pneumatic Cylinder

Exhaust Flow

Butterfly 
Valve

Air Pressure

 
Figure 1: Picture and schematic of modified exhaust throttle 

ȱ

Inȱthisȱexperimentalȱapplication,ȱtheȱpneumaticȱactuatorȱwasȱalteredȱforȱmodulatingȱ
operationȱinsteadȱofȱtheȱstockȱonȬoffȱconfiguration.ȱToȱmakeȱtheȱthrottleȱrespondȱtoȱaȱ
computerȱcontrolȱsystem,ȱanȱelectronicȱpressureȱregulatorȱwasȱinstalled.ȱThisȱdeviceȱ
linearlyȱchangesȱitsȱoutputȱairȱpressureȱwithȱinputȱvoltage.ȱThus,ȱwhenȱconnectedȱtoȱaȱ
directȱcurrentȱ(DC)ȱpowerȱsupplyȱorȱcomputerȱcontrolȱboard,ȱtheȱthrottleȱpositionȱcanȱbeȱ
variedȱwithȱaȱfullyȱopenȱtoȱclosedȱreactionȱtimeȱofȱmuchȱlessȱthanȱoneȱsecond.ȱAȱsignalȱ
ofȱ3.5ȱvoltsȱdirectȱcurrentȱ(VDC)ȱwillȱproduceȱaȱcontrolȱairȱpressureȱofȱ50psig,ȱmovingȱ
theȱvalveȱtoȱitsȱ“fullyȱclosed”ȱposition.ȱThereȱisȱaȱphysicalȱstopȱonȱtheȱactuatorȱwhichȱ
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keepsȱtheȱthrottleȱplateȱfromȱfullyȱseatingȱagainstȱtheȱvalveȱbodyȱsoȱthatȱitȱdoesȱnotȱstickȱ
shutȱandȱsomeȱexhaustȱisȱalwaysȱallowedȱthrough.ȱGivenȱaȱzeroȬvoltȱsignal,ȱtheȱactuatorȱ
springȱpullsȱtheȱthrottleȱfullyȱopen.ȱ

Data Acquisition and Computer Controls 
Providingȱaȱcomprehensiveȱrecordȱofȱtheȱrunningȱconditionsȱandȱperformanceȱofȱanȱ
engineȱduringȱexperimentsȱisȱaȱcomputerizedȱdataȱacquisitionȱsystem.ȱTheȱCaterpillarȱ
3401ȱtestȱstandȱatȱBerkeleyȱhasȱthreeȱseparateȱandȱdistinctȱcomputerȱsystems.ȱTheȱfirstȱisȱ
aȱpersonalȱcomputerȱ(PC)ȱwithȱaȱNationalȱInstrumentsTMȱPCIȬ6035Eȱcardȱandȱaȱ
LabVIEWTMȱvirtualȱinstrumentȱprogram,ȱwhichȱareȱusedȱforȱlowȱspeedȱdataȱacquisition.ȱ
Withȱaȱsamplingȱfrequencyȱofȱ1ȱhertzȱ(Hz),ȱthisȱsystemȱrecordsȱtemperaturesȱfromȱallȱ
overȱtheȱengine,ȱintakeȱandȱexhaustȱpressures,ȱairȱandȱfuelȱflowȱrates,ȱandȱotherȱ
miscellaneousȱquantitiesȱinȱaȱspreadsheetȱwithȱaȱtimeȱstamp.ȱ

TheȱhighȬspeedȱdataȱacquisitionȱsystemȱisȱaȱsecondȱcomputerȱwithȱaȱPCIȬ6110Eȱboard.ȱItȱ
usesȱcodeȱwrittenȱinȱMATLAB®ȱwithȱtheȱDataȱAcquisitionȱToolboxȱtoȱacquireȱandȱ
processȱtheȱinȬcylinderȱpressuresȱprovidedȱbyȱtheȱAVLȱpressureȱtransducerȱsystem.ȱAnȱ
encoderȱonȱtheȱcamshaftȱtriggersȱdataȱpointȱcollectionȱeveryȱ0.1ȱcrankȱangleȱdegrees.ȱ
Becauseȱofȱtheȱsheerȱquantityȱofȱdataȱitȱisȱonlyȱsavedȱ30ȱcyclesȱatȱaȱtimeȱwhenȱtheȱ
informationȱisȱpertinent.ȱ

Theȱthirdȱcomputerȱsystemȱhasȱbeenȱlargelyȱsetȱupȱforȱengineȱcontrol.ȱItȱincludesȱaȱhostȱ
PCȱrunningȱaȱWindowsȱenvironmentȱandȱaȱcontrollerȱcomputerȱthatȱhasȱTheȱ
MathWorks’ȱxPCȱTargetȱasȱanȱoperatingȱsystem.ȱTheȱoperatorȱmayȱwriteȱcodeȱinȱ
Simulink®ȱandȱMATLAB®ȱwhichȱisȱcompiledȱandȱdownloadedȱtoȱtheȱcontrollerȱ
computerȱviaȱEthernet.ȱTheȱcontrollerȱcomputerȱhasȱsufficientȱboardsȱthatȱitȱcanȱprocessȱ
dataȱfromȱtheȱshaftȱencoder,ȱcylinderȱpressureȱtransducer,ȱandȱotherȱinputsȱwhileȱ
drivingȱitsȱoutputsȱtoȱtheȱignitionȱcoils,ȱfuelȱinjectors,ȱandȱthrottleȱvalves.ȱTheȱultimateȱ
goalȱisȱaȱclosedȱloopȱcontrollerȱadjustingȱtheȱexhaustȱthrottleȱvalveȱonȱtheȱCaterpillarȱtoȱ
provideȱanȱoptimizedȱoperatingȱpoint,ȱbutȱinitiallyȱitȱhasȱonlyȱbeenȱusedȱforȱfuelȱinjectorȱ
operationȱandȱrealȬtimeȱ50%ȱburnȱtimingȱcalculations.ȱ

Emissions Analysis 
AȱHoribaȱemissionsȱbenchȱtakesȱonȱtheȱchemicalȱanalysisȱofȱtheȱexhaustȱofȱallȱofȱtheȱ
CombustionȱAnalysisȱLab’sȱengines.ȱAȱsampleȱpumpȱdrawsȱtheȱgasȱfromȱtheȱexhaustȱ
ductȱandȱthroughȱanȱiceȱbathȱandȱcondensateȱcollector.ȱTheȱwaterȱremovedȱfromȱtheȱ
exhaustȱmayȱcontainȱaȱfewȱsolubleȱspecies,ȱbutȱthisȱisȱaȱnecessaryȱstep,ȱasȱtheȱanalyzersȱ
cannotȱprocessȱwaterȱvapor.ȱTheȱgasȱthenȱtakesȱaȱjourneyȱdownȱaȱtubeȱtoȱtheȱemissionsȱ
bench,ȱwhereȱitȱisȱheatedȱandȱfurtherȱdriedȱbeforeȱbeingȱanalyzed.ȱȱ

ȱ

OxygenȱmeasurementȱisȱaccomplishedȱusingȱmagnetoȬdynamicȱparamagneticȱanalysis.ȱ
Totalȱhydrocarbonȱanalysisȱisȱdoneȱthroughȱflameȱionizationȱdetection.ȱInȱorderȱtoȱtakeȱ
measurementsȱofȱcarbonȱmonoxideȱandȱdioxideȱlevelsȱinȱtheȱexhaust,ȱaȱHoribaȱunitȱusesȱ
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infraredȱabsorptionȱtechnology.ȱFinally,ȱNOXȱdetectionȱandȱmeasurementȱisȱdoneȱviaȱ
chemiluminescence.ȱȱ

3.1.2. Single-Cylinder Engine Results 
TheȱcontrolȱproblemȱofȱanȱHCCIȱengineȱisȱratherȱdifferentȱfromȱthatȱofȱaȱtraditionalȱ
sparkȱignitedȱorȱdieselȱengine.ȱInȱanȱSIȱengine,ȱpremixedȱfuelȱandȱairȱareȱdrawnȱintoȱtheȱ
combustionȱchamber,ȱbutȱtheyȱdoȱnotȱautoȬignite.ȱOnlyȱwhenȱaȱpreciselyȱtimedȱsparkȱisȱ
appliedȱdoesȱaȱflameȱpropagateȱacrossȱtheȱchamber.ȱInȱaȱtraditionalȱdieselȱengine,ȱonlyȱ
freshȱairȱisȱinductedȱintoȱtheȱcylinder.ȱNearȱtopȱdeadȱcenterȱ(TDC)ȱitȱreachesȱpressuresȱ
andȱtemperaturesȱatȱwhichȱdieselȱfuelȱwouldȱautoȬignite,ȱbutȱnothingȱhappensȱuntilȱtheȱ
fuelȱisȱinjected.ȱ

Inȱaȱhomogeneousȱchargeȱcompressionȱignitionȱengine,ȱaȱpremixedȱfuelȬairȱchargeȱisȱ
drawnȱintoȱtheȱcylinder.ȱInsteadȱofȱbeingȱsparkȱignitedȱatȱaȱdesirableȱtime,ȱtheȱ
combustionȱeventȱdoesȱnotȱoccurȱuntilȱtheȱgasesȱinsideȱtheȱcylinderȱreachȱtheȱpointȱofȱ
autoȬignition.ȱThisȱremovesȱtheȱabilityȱtoȱdirectlyȱcontrolȱtheȱcombustionȱtimingȱwithȱ
fuelȱinjectionȱorȱsparkȱignition.ȱFurthermore,ȱinsertingȱtheȱfuelȱfarȱenoughȱupstreamȱofȱ
theȱengineȱtoȱensureȱproperȱmixingȱreducesȱtheȱabilityȱtoȱcontrolȱtheȱfuelȱflowȱonȱaȱcycleȬ
byȬcycleȱbasis.ȱ

Itȱhasȱbeenȱshownȱthatȱthereȱareȱaȱvastȱnumberȱofȱvariablesȱthatȱcanȱchangeȱtheȱ
combustionȱcharacterȱinȱanȱHCCIȱengine.ȱForȱexample,ȱchangingȱtheȱintakeȱairȱ
temperature,ȱintakeȱairȱpressure,ȱexhaustȱpressure,ȱexhaustȱgasȱrecirculationȱ(EGR),ȱ
equivalenceȱratio,ȱengineȱcoolantȱtemperatureȱandȱcompressionȱratioȱallȱcanȱvaryȱtheȱ
combustionȱtimingȱfromȱmisfireȱtoȱknocking.ȱ

TemperatureȱisȱtheȱmostȱimportantȱparameterȱforȱtuningȱHCCIȱcombustionȱtiming.ȱ
Addingȱfuel,ȱforȱinstance,ȱincreasesȱtheȱequivalenceȱratio,ȱcreatingȱhigherȱheatȱreleaseȱ
duringȱtheȱcombustionȱevent.ȱThis,ȱinȱturn,ȱheatsȱtheȱcylinderȱwallsȱandȱtheȱtemperatureȱ
ofȱtheȱnextȱcharge,ȱthusȱadvancingȱtheȱtimingȱofȱtheȱnextȱcombustionȱevent.ȱTheȱ
challenge,ȱthen,ȱisȱfindingȱaȱ“lever”ȱonȱtheȱtemperatureȱthatȱallowsȱpredictableȱandȱ
robustȱcontrolȱofȱtheȱengine.ȱTheȱidealȱcaseȱwouldȱbeȱchangingȱtheȱcombustionȱ
characteristicsȱonȱaȱcycleȬbyȬcycleȱbasis,ȱbutȱfirstȱattemptsȱshouldȱjustȱtryȱtoȱbeȱ“fast.”ȱȱ

Internal EGR control 
OneȱmethodȱofȱHCCIȱengineȱcontrolȱinvolvesȱincreasingȱtheȱinternalȱexhaustȱgasȱ
recirculationȱthroughȱtheȱuseȱofȱaȱthrottleȱvalveȱinȱtheȱexhaustȱpipe.ȱIncreasingȱtheȱ
exhaustȱpressureȱforcesȱmoreȱhotȱexhaustȱgasȱtoȱremainȱinȱtheȱcylinderȱafterȱtheȱ
completionȱofȱtheȱexhaustȱstroke.ȱWhenȱtheȱnextȱfuelȬairȱmixtureȱisȱbroughtȱin,ȱitȱmixesȱ
withȱtheseȱhotȱresiduals,ȱcausingȱanȱincreaseȱinȱtheȱchargeȱtemperatureȱandȱhenceȱanȱ
advanceȱofȱtheȱcombustionȱtiming.ȱAnotherȱfactorȱcontributingȱtoȱtheȱtimingȱadvanceȱisȱ
thatȱtheȱairȱflowȱrateȱisȱreducedȱwhileȱfuelȱflowȱrateȱremainsȱconstant.ȱ

Initialȱtestsȱwereȱpromising,ȱasȱtheȱcombustionȱtimingȱapparentlyȱvariedȱasȱfastȱasȱtheȱ
throttleȱcouldȱbeȱpositionedȱwithȱaȱvariableȱDCȱpowerȱsupply.ȱInȱoneȱexperiment,ȱtheȱ
throttleȱvalveȱwasȱusedȱtoȱadjustȱtheȱtimingȱofȱtheȱcombustionȱeventȱfromȱmisfireȱtoȱ
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beforeȱTDC.ȱFigureȱ2ȱbelowȱillustratesȱtheȱsteadyȱstateȱpressureȱtracesȱatȱseveralȱthrottleȱ
controlȱvoltages.ȱȱ

Aȱsecondȱexhaustȱthrottleȱexperimentȱcapturedȱtheȱtransientȱoperationȱofȱtheȱthrottleȱ
valve.ȱTheȱcontrolȱcomputerȱacquiredȱsequentialȱpressureȱtracesȱwhileȱaȱstepȱinputȱwasȱ
appliedȱtoȱtheȱthrottleȱcontrolȱvoltage,ȱtakingȱtheȱsystemȱfromȱ3.5ȱvoltsȱ(fullȱairȱpressureȱ
applied)ȱtoȱzeroȱvoltsȱ(throttleȱfullyȱopen).ȱAsȱisȱshownȱinȱFigureȱ2ȱtheȱmajorȱchangeȱinȱ
timingȱoccursȱwithinȱ200ȱmilliseconds,ȱwhichȱisȱonȱtheȱorderȱofȱtwoȱtoȱthreeȱengineȱ
cycles.ȱThisȱresultȱshowsȱtheȱgreatȱpotentialȱofȱtheȱthrottleȱasȱaȱmeansȱofȱcontrol,ȱ
especiallyȱwhenȱnotingȱthatȱduringȱnormalȱcontrolȱsituations,ȱtheȱthrottleȱvalveȱwillȱonlyȱ
moveȱthroughȱsmallȱportionsȱofȱitsȱfullȱstroke.ȱ
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Figure 2: These seven sequential pressure traces are from a transient experiment when 

exhaust throttle was given a step input signal: fully closed to fully open  
Itȱmayȱbeȱnotedȱthatȱinȱthisȱtransientȱexperiment,ȱtheȱthrottleȱendsȱfullyȱopen.ȱCheckingȱ
Figureȱ3ȱforȱtheȱequilibriumȱpressureȱtraceȱwithȱanȱopenȱthrottleȱvalveȱandȱtheȱsameȱ
runningȱconditionsȱrevealsȱthatȱtheȱcombustionȱtimingȱshouldȱbeȱmuchȱlater.ȱWhenȱtheȱ
transientȱexperimentȱwasȱallowedȱtoȱcontinueȱtoȱrunȱafterȱitsȱmajorȱtimingȱchange,ȱtheȱ
thermalȱmassȱofȱtheȱengineȱandȱintakeȱairȱpiping,ȱasȱwellȱasȱtheȱslowȱresponseȱofȱtheȱ
intakeȱairȱheaterȱandȱchangeȱinȱairȱflowȱrate,ȱfinallyȱbroughtȱtheȱengineȱtoȱitsȱsteadyȱstateȱ
pointȱinȱFigureȱ3.ȱWithȱthisȱunderstandingȱofȱtheȱprocessȱbasedȱonȱmanualȱthrottleȱvalveȱ
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control,ȱtheȱnextȱstepȱisȱtoȱmoveȱtoȱclosedȬloopȱcontrolȱofȱtheȱHCCIȱcombustionȱusingȱ
theȱexhaustȱthrottleȱvalve.ȱ
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Figure 3: Variation of the steady-state pressure trace with varied exhaust throttle positions 
ȱ

Closed Loop Control Using Exhaust Throttle Valve 
AutomatedȱcontrolȱofȱHCCIȱcombustionȱtimingȱonȱaȱsingleȱcylinderȱCaterpillarȱ3401ȱwasȱ
demonstratedȱusingȱclosedȬloopȱproportionalȱplusȱintegralȱ(PI)ȱcontroller.ȱThisȱwasȱ
experimentallyȱtunedȱtoȱmaintainȱaȱfixedȱcombustionȱtiming,ȱasȱmeasuredȱbyȱtheȱ50%ȱ
massȬfractionȱburnedȱlocationȱ(CA50).ȱTheȱpneumaticȱexhaustȱthrottleȱwasȱelectronicallyȱ
closedȱ(orȱopened)ȱtoȱincreaseȱ(orȱdecrease)ȱtheȱexhaustȱgasȱresidualsȱandȱadvanceȱ(orȱ
retard)ȱtheȱcombustionȱtiming.ȱCylinderȱpressureȱanalysisȱcalculationsȱprovidedȱtheȱ
CA50ȱfeedbackȱtoȱtheȱcontroller.ȱSteadyȱstateȱandȱtransientȱtestingȱwasȱconducted.ȱȱ

Figureȱ4ȱshowsȱoneȱofȱtheȱtransientȱexperiments.ȱTheȱdesiredȱcombustionȱtimingȱ(CA50)ȱ
wasȱsetȱtoȱ8ȱdegreesȱafterȱtopȱdeadȱcenterȱ(ATDC).ȱTheȱintakeȱairȱheaterȱwasȱatȱ150°ȱ
Celsiusȱ(C)ȱbeforeȱtheȱexperimentȱbegan.ȱTheȱtopȱplotȱofȱFigureȱ4ȱshowsȱtheȱcalculatedȱ
CA50ȱ(rawȱandȱfilteredȱversions).ȱTheȱbottomȱplotȱshowsȱtheȱintakeȱairȱheaterȱ
temperatureȱandȱtheȱexhaustȱthrottleȱposition.ȱTheȱintakeȱairȱheaterȱwasȱthenȱturnedȱoffȱ
atȱtimeȱtȱ=ȱ0ȱseconds,ȱandȱtheȱintakeȱtemperatureȱmeasuredȱatȱtheȱheaterȱdroppedȱbelowȱ
125°ȱCȱatȱtimeȱtȱ=ȱ450ȱseconds.ȱAtȱthisȱtime,ȱtheȱcontrolȱinputȱsaturatedȱ(theȱthrottleȱwasȱ
fullyȱclosed)ȱandȱCA50ȱcouldȱnotȱbeȱadvancedȱfurtherȱtoȱcompensateȱforȱtheȱdropȱinȱ
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intakeȱairȱtemperature.ȱCA50ȱbeganȱtoȱdeviateȱfromȱtheȱdesiredȱvalue.ȱTheȱintakeȱairȱ
heaterȱwasȱturnedȱbackȱonȱatȱthisȱtimeȱandȱCA50ȱtrackingȱresumed.ȱȱ
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Figure 4: Closed loop control response of HCCI engine to transient intake temperature by 

means of exhaust throttle valve control 
ȱ

Anotherȱimportantȱfeatureȱofȱtheȱcontrollerȱisȱtheȱabilityȱtoȱrespondȱtoȱchangesȱinȱtheȱ
engineȱcombustionȱtimingȱsetpoint.ȱFigureȱ5ȱshowsȱtheȱcontrollerȱresponseȱforȱfourȱ
differentȱchangesȱinȱtheȱsetpointȱforȱHCCIȱoperation.ȱFirst,ȱtheȱengineȱsetpointȱisȱbasedȱ
onȱCA50ȱisȱ6ȱdegreesȱATDC,ȱandȱtheȱsetpointȱisȱsuddenlyȱchangedȱtoȱ1ȱdegreeȱATDC.ȱ
Theȱcontrollerȱrapidlyȱadjustsȱtheȱexhaustȱthrottleȱvalveȱtoȱrespondȱtoȱthisȱchangeȱinȱ
combustionȱtiming.ȱNext,ȱtheȱsetpointȱisȱadjustedȱbackȱtoȱ6ȱdegreesȱATDC,ȱandȱtheȱ
controllerȱagainȱisȱableȱtoȱsmoothlyȱrespondȱtoȱtheȱchangeȱinȱsetpointȱfromȱearlyȱtoȱlaterȱ
timing.ȱTheȱnextȱtestsȱareȱtoȱchangeȱCA50ȱsetpointȱfromȱ8ȱdegreesȱATDCȱtoȱ2ȱdegreesȱ
ATDCȱandȱthenȱbackȱtoȱ8ȱdegreesȱATDC.ȱTheȱchangeȱfromȱ8ȱdegreesȱATDCȱtoȱ2ȱdegreesȱ
ATDCȱisȱaȱsmoothȱtransition,ȱbutȱsomeȱovershootȱisȱapparentȱinȱtheȱtransitionȱfromȱ2ȱ
degreesȱtoȱ8ȱdegreesȱATDC.ȱThisȱsuggestsȱthatȱtheȱcontrollerȱmayȱbeȱunderȱdamped,ȱ
allowingȱsomeȱovershootȱbeforeȱsettlingȱout.ȱUnderȱdampedȱsystemsȱtendȱtoȱhaveȱfasterȱ
response,ȱbutȱcareȱmustȱbeȱtakenȱbecauseȱtheseȱhaveȱmoreȱsusceptibilityȱtoȱinstability.ȱ
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Figure 5: Closed loop control response to change in operational set-point 
ȱ

3.2. Breathing Design for Multi-Cylinder Engine 
3.2.1. Boost System Configurations 
ForȱtheȱmultiȬcylinderȱARICEȱHCCIȱEngine,ȱtwoȱalternativesȱareȱconsideredȱforȱengineȱ
boosting:ȱturbochargingȱandȱsupercharging.ȱTheȱschematicsȱofȱtheȱsystemsȱ
correspondingȱtoȱtheseȱtwoȱoptionsȱareȱshownȱinȱFigureȱ6ȱandȱFigureȱ7,ȱwhereȱ
C=compressor,ȱT=turbine,ȱI=intercooler,ȱandȱEC=exhaustȱcatalyst.ȱ

ȱ
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Figure 6: Schematic of the system considered for HCCI engine turbo charging  

 

Forȱtheȱturbochargedȱsystemȱ(Figureȱ6),ȱtheȱfollowingȱapplies:ȱ

x Boostȱsystemȱconsistsȱofȱsingleȱstageȱturbochargerȱwithȱintercooler.ȱ

x Fuelȱmixedȱwithȱfreshȱairȱupstreamȱofȱcompressor.ȱ

x Plenumȱtemperatureȱcontrolȱ(combustionȱtiming)ȱaccomplishedȱviaȱintercoolerȱ
bypass.ȱ

x Loadȱfollowingȱaccomplishedȱwithȱcombinedȱturbineȱwasteȱgateȱandȱthrottle.ȱ

x Exhaustȱcatalystȱusedȱtoȱincreaseȱexhaustȱgasȱenergyȱpriorȱtoȱenteringȱturbine.ȱ
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Figure 7: Schematic of the system considered for HCCI engine supercharging 
Forȱtheȱsuperchargedȱsystemȱ(Figureȱ7),ȱtheȱfollowingȱapplies:ȱ

x Boostȱsystemȱconsistsȱofȱsingleȱsuperchargerȱwithȱintercooler.ȱ

x Superchargerȱmayȱbeȱcentrifugal,ȱtwinȱscrewȱorȱrootsȱstyleȱ

x Twinȱscrewȱandȱrootsȱstyleȱblowersȱareȱ“positiveȱdisplacement”ȱmachinesȱ

x Fuelȱmixedȱwithȱfreshȱairȱupstreamȱofȱcompressor.ȱ

x Plenumȱtemperatureȱcontrolȱ(combustionȱtiming)ȱaccomplishedȱviaȱintercoolerȱ
bypass.ȱ

x Loadȱfollowingȱaccomplishedȱwithȱcombinedȱcompressorȱbypassȱandȱthrottle.ȱ

ȱ

3.2.2. HCCI Operation with Existing Turbocharger 
TheȱCaterpillarȱ3406ȱwasȱdesignedȱtoȱrunȱinȱsparkȬignitedȱmodeȱatȱaȱhighȱequivalenceȱ
ratioȱ(~1)ȱandȱwithȱaȱlowȱcompressionȱratioȱ(11:1).ȱItȱisȱthereforeȱexpectedȱthatȱtheȱ
existingȱturbochargerȱwillȱnotȱbeȱappropriateȱforȱHCCIȱoperation.ȱThisȱwasȱquicklyȱ
verifiedȱwithȱWAVEȱ(WAVEȱisȱaȱoneȬdimensionalȱgasȬdynamicsȱmodelȱforȱsimulationȱofȱ
engineȱbreathing,ȱdevelopedȱandȱlicensedȱbyȱRicardoȱInc.)ȱasȱitȱwasȱdeterminedȱthatȱtheȱ
existingȱturbochargerȱwouldȱonlyȱprovideȱ1.2Ȭ1.3ȱpressureȱratioȱacrossȱtheȱcompressor,ȱ
downȱfromȱ1.8Ȭ2ȱthatȱisȱavailableȱinȱSIȱmode.ȱTheȱpressureȱratioȱinȱHCCIȱmodeȱisȱ
extremelyȱlow.ȱAȱdifferentȱturbochargerȱdesignȱhasȱtoȱbeȱusedȱtoȱobtainȱreasonableȱ
performance.ȱ
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3.2.3. Defining HCCI Turbocharger Performance Targets 
ConsideringȱthatȱtheȱexistingȱturbochargerȱdesignedȱforȱSIȱoperationȱisȱnotȱappropriateȱ
forȱHCCIȱcombustion,ȱaȱthoroughȱperformanceȱanalysisȱwasȱconductedȱusingȱtheȱWAVEȱ
code.ȱTheȱmainȱresultsȱareȱshownȱinȱFigureȱ8.ȱFigureȱ8ȱshowsȱcolorȱcontoursȱofȱbrakeȱ
powerȱinȱkW,ȱasȱaȱfunctionȱofȱturbineȱpressureȱratioȱandȱcompressorȱpressureȱratio.,ȱandȱ
alsoȱshowsȱdottedȱlinesȱshowingȱbrakeȱthermalȱefficiencyȱandȱdashedȱlinesȱwithȱpeakȱ
cylinderȱpressure.ȱTheȱproductionȱSIȱengineȱhasȱaȱ160ȱbarȱpeakȱcylinderȱpressureȱlimit.ȱ
However,ȱforȱaȱdemonstrator,ȱtheȱpeakȱcylinderȱpressureȱlimitȱmayȱbeȱincreasedȱtoȱtheȱ
180Ȭ200ȱbarȱlimit.ȱHowever,ȱmechanicalȱissuesȱmayȱneedȱtoȱbeȱaddressedȱtoȱincreaseȱtheȱ
peakȱcylinderȱpressureȱlimitsȱforȱaȱproductionȱprogram.ȱ

 
Figure 8: Color contours of engine brake power in kW, as a function of turbine pressure 

ratio and compressor pressure ratio, with dotted lines showing brake thermal 
efficiency and dashed lines peak cylinder pressure 

ȱ

Figureȱ8ȱshowsȱthatȱnoȱcombinationȱofȱboostȱpressureȱorȱbackȱpressureȱwillȱproduceȱ225ȱ
brakeȬkilowattsȱ(bkW)ȱwithoutȱexceedingȱtheȱ160ȱbarȱpeakȱcylinderȱpressure.ȱNeglectingȱ
turbochargerȱenergyȱbalanceȱconstraintsȱandȱincreasingȱtheȱmaximumȱcylinderȱlimitȱtoȱ
200ȱbarȱshowsȱthatȱ225ȱbkWȱisȱstillȱpossible.ȱHowever,ȱtheȱengineȱBTEȱfallsȱbelowȱ36%ȱ
forȱallȱcases.ȱIncreasingȱtoȱ180ȱbarȱisȱalsoȱviable,ȱhowever,ȱtheȱboostȱpressureȱ/ȱbackȱ
pressureȱtradeȱshowsȱthatȱincreasingȱtoȱonlyȱ180ȱbarȱwillȱbeȱsignificantlyȱmoreȱ
challengingȱforȱtheȱturbochargerȱenergyȱbalanceȱconstraint.ȱ

Tableȱ2ȱshowsȱaȱsummaryȱofȱtheȱresultsȱobtainedȱfromȱWAVEȱforȱtheȱHCCIȱ
turbocharger.ȱTwoȱcasesȱareȱanalyzed:ȱaȱconservativeȱcase,ȱwithȱaȱturbochargerȱ
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efficiencyȱknownȱtoȱbeȱobtainableȱforȱenginesȱofȱthisȱsize,ȱandȱanȱaggressiveȱcase,ȱthatȱ
mayȱbeȱobtainedȱthroughȱcarefulȱmatchingȱofȱtheȱcharacteristicsȱofȱtheȱunit.ȱTheȱtableȱ
showsȱthatȱinȱbothȱcasesȱtheȱengineȱhasȱconsiderableȱpowerȱoutputȱ(165ȱandȱ180ȱkW)ȱatȱ
reasonableȱefficiency.ȱȱ

Table 2: Summary of the Results Obtained from WAVE for the HCCI Turbocharger  

Metric Conservative Aggressive
Turbocharger Efficiency 49% 56%
Exhaust Catalysis Installed Installed
Brake Power 165bkW 180 bkW
BTE 32% 32%
Peak Cylinder Pressure 160 bar 180 bar
Compressor Pressure Ratio 2.85 3.25
Turbine Pressure Ratio 3.2 3.8
Compressor Mass Flow Rate 0.51 kg/sec 0.57 kg/sec
Pre-turbine Exhaust Temperature 385C 400C

 
ȱ

3.2.4. Evaluating off-the-Shelf Turbochargers 
FiveȱoffȬtheȬshelfȱturbochargersȱareȱevaluatedȱforȱapplicationȱtoȱthisȱengine.ȱTheseȱareȱ
Honeywell,ȱBorgWarner,ȱHolset,ȱHolsetȱasȱusedȱbyȱtheȱLundȱInstituteȱofȱTechnologyȱ
andȱTurbonetics.ȱTheȱresultsȱofȱtheȱanalysisȱareȱsummarizedȱnext:ȱ

x Optionȱ2ȱ(BorgWarner)ȱandȱOptionȱ3ȱ(HolsetȱHX82)ȱbothȱresultȱinȱlowȱbrakeȱ
powerȱandȱBTE.ȱForȱbothȱcases,ȱtheȱcompressorȱhasȱaȱreasonableȱefficiencyȱatȱtheȱ
conservativeȱtargetȱboostȱpressureȱandȱmassȱflow,ȱhowever,ȱtheȱturbineȱwasȱ
unableȱtoȱspinȱtheȱcompressorȱatȱtheȱrequiredȱspeed.ȱ

x EvenȱthoughȱOptionȱ1ȱ(Honeywell)ȱwasȱsizedȱforȱ33%ȱofȱtheȱmassȱflow,ȱtheȱ
higherȱturbineȱspeedȱofferedȱbyȱtheȱsmallerȱturbineȱ(55,676ȱrpm)ȱresultedȱinȱmoreȱ
powerȱthanȱOptionȱ2ȱorȱOptionȱ3.ȱ

x Optionȱ4ȱ(HolsetȱHX50ȱ–ȱLundȱInstitute)ȱdidȱnotȱmeetȱtheȱconservativeȱtargetȱofȱ
165ȱkWȱandȱ32%ȱBrakeȱThermalȱEfficiencyȱ(BTE),ȱhoweverȱdidȱproduceȱ146ȱkWȱ
andȱ31%ȱBTE.ȱTheȱsmallȱnozzleȱareaȱofȱtheȱprototypeȱturbineȱresultedȱinȱaȱ
relativeȱhighȱturbineȱspeedȱ(~96,000ȱrpm)ȱwhichȱenablesȱtheȱcompressorȱtoȱ
produceȱboostȱandȱtheȱengineȱtoȱmakeȱpower.ȱAvailabilityȱofȱthisȱoptionȱmayȱbeȱ
anȱissuesȱasȱHolsetȱwasȱunableȱtoȱfindȱtheȱperformanceȱmapsȱwithȱtheȱprovidedȱ
TurbineȱIDȱnumber.ȱDiscussionsȱwithȱLundȱInstituteȱofȱTechnologyȱindicateȱthatȱ
theȱturbineȱwasȱaȱprototypeȱunitȱforȱaȱdieselȱprogram.ȱ

x Optionȱ5ȱ(TurboneticsȱSuperȱT72ȱcompressorȱandȱT04ȱturbine)ȱperformanceȱ
couldȱnotȱbeȱevaluatedȱbecauseȱnoȱdetailedȱmapsȱwereȱavailable.ȱ
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Asȱaȱconclusion,ȱnoneȱofȱtheȱcommerciallyȱavailableȱturbochargersȱdeliveredȱonȱtheȱ
desiredȱperformance.ȱTheȱbestȱperformingȱturbochargerȱisȱOptionȱ4,ȱwhichȱisȱaȱcustomȱ
designȱandȱthereforeȱnotȱcommerciallyȱavailable.ȱ

3.2.5. Defining HCCI Supercharger Performance Targets 
LookingȱforȱaȱbetterȱoffȱtheȱshelfȱoptionȱforȱtheȱHCCIȱengine,ȱtheȱWAVEȱanalysisȱwasȱ
turnedȱintoȱsuperchargers.ȱTheȱresultsȱareȱsummarizedȱinȱFigureȱ9.ȱFigureȱ9ȱshowsȱcolorȱ
contoursȱ(andȱsolidȱlines)ȱofȱengineȱbrakeȱpowerȱinȱkW,ȱasȱaȱfunctionȱofȱsuperchargerȱ
aerodynamicȱefficiencyȱandȱboostȱpressure,ȱandȱalsoȱincludesȱdottedȱlinesȱshowingȱ
brakeȱthermalȱefficiencyȱandȱdashedȱlinesȱwithȱpeakȱcylinderȱpressure.ȱForȱtypicalȱ
centrifugalȱsuperchargerȱefficienciesȱ(~70%ȱpeakȱefficiency,ȱaerodynamicȱgear),ȱitȱ
appearsȱthatȱ~145ȱbkWȱisȱobtainableȱwithȱaȱBTEȱofȱ~25.5%,ȱaȱmaximumȱcylinderȱ
pressureȱofȱ~170ȱbarȱandȱaȱboostȱpressureȱofȱ~3.1ȱbar.ȱIncreasingȱboostȱpressureȱaboveȱ
~3.1ȱbarȱcanȱgenerateȱslightlyȱmoreȱpower;ȱhowever,ȱthisȱincreaseȱoccursȱatȱtheȱexpenseȱ
ofȱpeakȱcylinderȱpressureȱandȱBTE.ȱ

ȱ

 
Figure 9: Color contours (and solid lines) of engine brake power in kW, as a function of 

supercharger aerodynamic efficiency and boost pressure, with dotted lines 
showing brake thermal efficiency and dashed lines peak cylinder pressure 

ȱ
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Forȱtypicalȱrootsȱblowerȱstyleȱandȱtwinȱscrewȱsuperchargerȱefficienciesȱ(~60ȱ%ȱpeakȱ
efficiency),ȱitȱappearsȱthatȱ~130ȱbkWȱisȱobtainableȱwithȱaȱBTEȱofȱ~23%,ȱaȱmaximumȱ
cylinderȱpressureȱofȱ~170barȱandȱaȱboostȱpressureȱofȱ~3.1bar.ȱ

Theȱperformanceȱofferedȱbyȱtypicalȱsuperchargerȱefficienciesȱisȱwellȱbelowȱtheȱ224ȱbkWȱ/ȱ
44%ȱBTEȱprogramȱtargetsȱdueȱtoȱtheȱshaftȱpowerȱrequirementsȱofȱtheȱsupercharger.ȱ
Increasingȱsuperchargerȱefficienciesȱwouldȱimproveȱtheȱperformanceȱofȱtheȱengine,ȱ
however,ȱevenȱaȱ100%ȱaerodynamicȱefficiencyȱsuperchargerȱwouldȱbeȱlimitedȱbyȱpeakȱ
cylinderȱpressureȱtoȱ~ȱ180ȱbkWȱandȱ~31%ȱBTE.ȱSuperchargedȱsolutionsȱappearȱonlyȱ
viableȱwithȱaȱmodificationȱofȱprogramȱgoals.ȱ

3.2.6. Evaluating off-the-Shelf Superchargers 
Threeȱtypesȱofȱsuperchargersȱareȱtypicallyȱavailable.ȱTheseȱareȱcentrifugal,ȱrootsȱorȱtwinȱ
screw.ȱMultipleȱoffȬtheȬshelfȱmodelsȱofȱtheseȱthreeȱdesignsȱwereȱevaluatedȱforȱ
applicabilityȱtoȱtheȱHCCIȱengine.ȱTheȱdesignsȱbeingȱinvestigatedȱareȱdescribedȱinȱTableȱ
3.ȱ

AȱperformanceȱmapȱwasȱavailableȱforȱtheȱRotrexȱC38Ȭ71.ȱAlthoughȱtheȱoperatingȱpointȱ
forȱtheȱHCCIȱengineȱisȱnotȱinȱtheȱ“sweetȱspot”ȱofȱtheȱmap,ȱtheȱunitȱisȱcapableȱofȱmeetingȱ
flowȱandȱpressureȱtargetsȱwithȱaȱreasonableȱefficiency.ȱThereȱareȱpotentialȱlongȱtermȱ
durabilityȱconcerns.ȱ

ForȱtheȱEatonȱM112ȱrootsȱstyleȱsupercharger,ȱthereȱisȱaȱ2.0ȱbarȱlimit,ȱandȱthereforeȱthisȱ
unitȱcannotȱmeetȱpowerȱtargetȱforȱrootsȱstyleȱsuperchargerȱ(130ȱbkW).ȱAȱsingleȱM112ȱ
unitȱhasȱlowȱefficiencyȱ(44%)ȱthusȱleadingȱtoȱreducedȱengineȱpowerȱandȱBTE.ȱ

DualȱM112ȱunitsȱcanȱbeȱusedȱtoȱincreaseȱsuperchargerȱefficiencyȱtoȱ53%.ȱHowever,ȱ
engineȱwillȱbeȱlimitedȱtoȱ~100ȱbkW.ȱ

ForȱtheȱLysholmȱLYS3300AXȱtwinȱscrewȱsuperchargerȱcompressor,ȱthereȱisȱaȱ2.2ȱbarȱ
limit.ȱTherefore,ȱthisȱunitȱcannotȱmeetȱpowerȱtargetȱforȱtwinȱscrewȱstyleȱsuperchargerȱ
(130ȱbkW).ȱThereȱisȱnoȱperformanceȱbenefitȱfromȱusingȱtwoȱunitsȱinȱparallel.ȱAȱsingleȱ
LYS3300AXȱunitȱoperatingȱpointȱhasȱ66%ȱefficiencyȱandȱcanȱproduceȱ~110ȱbkWȱengineȱ
powerȱandȱ26.7%ȱBTE.ȱȱ

TheȱAutorotorȱOAȱ3150ȱMȱtwinȱscrewȱsuperchargerȱcompressorȱhasȱaȱ3.0ȱbarȱlimitȱ(withȱ
specialȱseal),ȱandȱitȱalmostȱmeetsȱtheȱ3.1ȱbarȱboostȱpressureȱtargetȱforȱaȱscrewȱstyleȱ
supercharger.ȱThereȱisȱaȱslightȱperformanceȱbenefitȱwhenȱusingȱtwoȱunitsȱinȱparallel.ȱ
TheȱsingleȱOAȱ3150Mȱunitȱoperatingȱpointȱhasȱ62%ȱefficiencyȱandȱcanȱproduceȱ~130ȱ
bkWȱengineȱpowerȱandȱ23.5%ȱBTE.ȱ

TheȱAutorotorȱOAȱMX424ȱtwinȱscrewȱsuperchargerȱcompressorȱhasȱaȱ2.3ȱbarȱlimitȱ(withȱ
specialȱseal).ȱThereforeȱitȱcannotȱmeetȱpowerȱtargetȱforȱtwinȱscrewȱstyleȱsuperchargerȱ
(130ȱbkW).ȱNoȱperformanceȱbenefitȱexistsȱwhenȱusingȱtwoȱunitsȱinȱparallel.ȱTheȱsingleȱ
MX424ȱunitȱoperatingȱpointȱhasȱ58%ȱefficiencyȱandȱcanȱproduceȱ~105ȱbkWȱengineȱpowerȱ
andȱ25%ȱBTE.ȱ
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Table 3: Supercharger Models Being Investigated 

 
ȱ

Inȱsummary,ȱtheȱRotrexȱC38ȱtrimȱ81ȱandȱsingleȱAutorotorȱOA3150ȱwithȱspecialȱhighȱ
pressureȱsealȱappearȱtoȱbeȱtheȱbestȱoptionsȱforȱaȱsupercharger.ȱTheȱRotrexȱC38ȱtrimȱ81ȱ
internalȱgearȱratioȱofȱ7.5:1ȱandȱ100ȱkȱoperatingȱspeedsȱwillȱrequireȱaȱsignificantȱstepȱupȱ
fromȱtheȱengineȱcrank.ȱPlus,ȱtheȱ100ȱkȱspeedȱisȱinȱexcessȱofȱtheȱ90ȱkȱspeedȱlimitȱquotedȱ
onȱtheȱsupplier’sȱwebsite.ȱTheȱSingleȱAutorotorȱOA3150ȱhasȱaȱmaximumȱboostȱpressureȱ
ofȱ3.0ȱbarȱwhichȱisȱslightlyȱbelowȱtheȱtargetȱboostȱpressure.ȱȱTheȱinputȱspeedȱofȱthisȱunitȱ
isȱsimilarȱtoȱtheȱinputȱspeedȱofȱtheȱRotrexȱC38ȱtrimȱ81ȱunit.ȱControlȱissuesȱmayȱbeȱtheȱ
decidingȱfactorȱinȱidentifyingȱtheȱbestȱsuperchargerȱforȱtheȱresearchȱprogram.ȱ

3.2.7. Evaluating the Benefits of Modified Intake/Exhaust Manifold 
Conventionalȱwisdomȱforȱboostedȱenginesȱisȱthatȱdesigningȱaȱmanifoldȱforȱtuningȱ
providesȱsmallȱbenefitsȱcomparedȱtoȱincurredȱpumpingȱlossesȱand,ȱhence,ȱitȱisȱbestȱtoȱ
keepȱpipeȱrunnerȱlengthsȱshortȱtoȱminimizeȱpumpingȱlosses.ȱInȱaddition,ȱintakeȱ
manifoldȱplenumȱvolumesȱareȱtypicallyȱasȱsmallȱasȱpossibleȱtoȱimproveȱtransientȱ
response.ȱ

ConsideringȱthatȱHCCIȱenginesȱareȱveryȱsensitiveȱtoȱcylinderȬtoȬcylinderȱvariations,ȱ
designingȱtheȱintakeȱandȱexhaustȱsystemȱtoȱachieveȱreducedȱcylinderȬtoȬcylinderȱ
variationsȱmayȱbeȱanȱacceptableȱtradeȬoffȱforȱincreasedȱpumpingȱloses.ȱPlus,ȱlargerȱ
intakeȱmanifoldȱplenumȱvolumesȱcanȱbeȱusedȱtoȱreduceȱtheȱinteractionȱbetweenȱcylinderȱ
runners.ȱ
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ForȱaȱconceptȱHCCIȱintakeȱandȱexhaustȱmanifolds,ȱseveralȱmanifoldȱdimensionsȱcanȱbeȱ
variedȱonȱanȱintakeȱorȱexhaustȱmanifoldȱtoȱimproveȱcylinderȬtoȬcylinderȱvariations.ȱ
Theseȱattributesȱareȱidentifiedȱbelow.ȱ

x Intakeȱrunnerȱlengthȱ

x Intakeȱrunnerȱinletȱdiameterȱȱ

x Intakeȱplenumȱ

x Exhaustȱprimaryȱrunnerȱlengthȱ

x Exhaustȱsecondaryȱrunnerȱlengthȱȱ

ȱ

TheȱHCCIȱWAVEȱmodelsȱwereȱmodifiedȱtoȱreflectȱtwoȱintake/exhaustȱmanifoldȱ
configurationsȱandȱsensitivityȱstudiesȱwereȱconductedȱtoȱquantifyȱtheȱrelationshipȱ
betweenȱperformanceȱandȱmanifoldȱdimensionsȱwithȱaȱ~50°ȱCȱmanifoldȱairȱtemperature.ȱ

Theȱresultsȱindicateȱthatȱwithȱaȱ14.6ȱliterȱintakeȱplenumȱandȱaȱ72ȱmillimeterȱ(mm)ȱintakeȱ
primaryȱrunnerȱdiameterȱ(noȱtaper),ȱaȱtuningȱpointȱwasȱidentifiedȱwithȱaȱ775ȱmmȱ
primaryȱintakeȱrunnerȱlengthȱandȱ100ȱmmȬ300ȱmmȱprimaryȱexhaustȱrunnerȱlength.ȱThisȱ
pointȱalsoȱhasȱrelativelyȱlowȱcylinderȬtoȬcylinderȱvolumetricȱefficiencyȱandȱresidualȱ
variations.ȱTheȱshortȱprimaryȱexhaustȱrunnerȱlengthȱmayȱindicateȱthatȱaȱproductionȱSIȱ
manifoldȱmayȱalsoȱresultȱinȱgoodȱperformance.ȱTheȱvolumetricȱefficiencyȱandȱresidualȱ
cylinderȱtoȱcylinderȱvariationsȱwereȱsignificantlyȱlowerȱthanȱtheȱvariationsȱnotedȱwithȱ
theȱproductionȱSIȱmanifoldsȱandȱtheȱsameȱturbocharger.ȱThisȱindicatesȱthatȱtheȱ
conceptualȱmanifoldsȱareȱeffectiveȱatȱreducingȱcylinderȱtoȱcylinderȱvariationsȱ

3.2.8. Boost System Selection Recommendations 
MultipleȱboostȱsystemsȱandȱmanifoldȱconfigurationsȱforȱtheȱLawrenceȱLivermoreȱ
NationalȱLaboratoryȱCATȱ3406ȱHCCIȱresearchȱengineȱhaveȱbeenȱevaluatedȱusingȱtheȱ1ȬDȱ
gasȱdynamicsȱcodeȱWAVE.ȱEstimatedȱengineȱlevelȱperformanceȱandȱboostȱsystemȱ
performanceȱtargetsȱhaveȱbeenȱidentifiedȱbasedȱonȱreasonableȱboostȱsystemȱcomponentȱ
performanceȱparameterȱandȱareȱsummarizedȱinȱTableȱ4.ȱ

Noȱboostȱsystemȱinvestigatedȱexceededȱeitherȱtheȱbrakeȱpowerȱorȱbrakeȱthermalȱ
efficiencyȱprogramȱtargetȱwithȱtheȱgivenȱconstraints.ȱItȱisȱrecommendedȱthatȱprogramȱ
targetsȱbeȱrevisedȱtoȱreflectȱinsightsȱobtainedȱduringȱthisȱinvestigation.ȱ
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Table 4: Summary of the Options Evaluated for Turbocharging and Supercharging of the 
HCCI Engine. 

 
ȱ

Severalȱturbochargerȱandȱsuperchargerȱboostȱsystemȱoptionsȱhaveȱbeenȱidentifiedȱforȱ
theȱCATȱ3406ȱHCCIȱresearchȱengine.ȱForȱtheȱHCCIȱresearchȱengine,ȱthereȱappearsȱtoȱbeȱ
noȱclearȱ“best”ȱboostȱsystemȱasȱsomeȱapproachesȱhaveȱbetterȱperformance,ȱbutȱalsoȱ
higherȱtechnicalȱrisksȱforȱthisȱproject.ȱTheȱdownȱselectionȱprocessȱwillȱrequireȱaȱprogramȱ
levelȱdecisionȱconsideringȱtheȱcost,ȱschedule,ȱperformance,ȱandȱriskȱelementsȱassociatedȱ
withȱeachȱoption.ȱȱ

Givenȱtheȱlowȱexhaustȱgasȱenergyȱassociatedȱandȱtheȱhighȱunburnedȱhydrocarbonsȱwithȱ
HCCIȱcombustionȱsystems,ȱusingȱaȱpreȬturbineȱexhaustȱcatalysisȱtoȱmaximizeȱturbineȱ
workȱwasȱbeneficialȱandȱisȱrecommendedȱforȱtheȱtestȱprogram.ȱ

Intakeȱandȱexhaustȱmanifoldsȱdesignsȱwereȱevaluatedȱandȱitȱwasȱshownȱthatȱsignificantȱ
reductionsȱinȱcylinderȱtoȱcylinderȱvariationsȱandȱanȱincreaseȱinȱbrakeȱpowerȱcouldȱbeȱ
obtainedȱatȱaȱcostȱofȱreducedȱbrakeȱthermalȱefficiency.ȱGivenȱtheȱsensitivityȱofȱHCCIȱ
combustionȱtoȱcylinderȬtoȬcylinderȱvariations,ȱthisȱtradeoffȱisȱconsideredȱreasonableȱforȱ
theȱresearchȱprogram.ȱHowever,ȱitȱshouldȱbeȱevaluatedȱagainȱatȱaȱlaterȱdate.ȱKeyȱ
manifoldȱdimensionsȱwereȱidentifiedȱtoȱprovideȱtheȱbestȱtradeȬoffȱbetweenȱcylinderȬtoȬ
cylinderȱvariations,ȱengineȱpower,ȱandȱbrakeȱthermalȱefficiency.ȱ

ȱ

3.3. Multi-Cylinder Engine Set-Point Optimization 
Aȱnumericalȱmodelȱhasȱbeenȱappliedȱtoȱoptimizingȱtheȱoperationalȱsetȱpointȱforȱtheȱ
multiȬcylinderȱHCCIȱengine.ȱFigureȱ10ȱshowsȱaȱschematicȱofȱtheȱthermalȱcontrolȱsystemȱ
forȱtheȱstationaryȱARICEȱHCCIȱengine.ȱWhileȱtheȱsystemȱlooksȱcomplex,ȱitȱshouldȱbeȱ
noticedȱthatȱstationaryȱenginesȱtypicallyȱincludeȱaȱturbocharger,ȱintercooler,ȱandȱ
catalyticȱconverter.ȱOnlyȱtheȱheaterȱisȱintroducedȱinȱadditionȱtoȱtypicalȱengineȱ
components.ȱTheȱsystemȱisȱanalyzedȱunderȱtheȱfollowingȱsetȱofȱassumptions.ȱ

x TheȱengineȱoperatesȱatȱsteadyȬstateȱconditions.ȱTheȱproblemȱofȱtransitioningȱ
betweenȱoperatingȱpointsȱisȱnotȱconsidered.ȱ

x Theȱengineȱrunsȱatȱaȱconstantȱspeedȱ(1800ȱrpm).ȱ
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x Theȱvolumetricȱefficiencyȱisȱ100%.ȱThisȱisȱassumedȱbecauseȱtheȱengineȱoperatesȱatȱ
aȱconstantȱspeedȱandȱtheȱintakeȱmanifoldȱcanȱbeȱdesignedȱforȱoptimumȱbreathingȱ
atȱthisȱspeed.ȱȱ

x Thermalȱlossesȱinȱductsȱareȱassumedȱnegligible.ȱ

x Pressureȱdropȱinȱheatȱexchangersȱisȱnegligible.ȱȱ

Theȱcombustionȱefficiencyȱisȱgivenȱbyȱtheȱfollowingȱexpression:ȱ

94.0 cK ȱ ȱ ȱ ifȱTmax<0ȱ

max00667.094.0 TK � c ȱ ifȱTmaxt0ȱ ȱȱȱȱȱȱȱȱȱ(1)ȱ

whereȱKcȱisȱtheȱcombustionȱefficiencyȱandȱTmaxȱisȱtheȱcrankȱangleȱinȱdegreesȱforȱ
maximumȱheatȱreleaseȱ(Tmax=0ȱatȱTDC,ȱTmax>0ȱafterȱTDC).ȱThisȱexpressionȱisȱobtainedȱ
fromȱtheȱexperimentalȱresultsȱ(Christensenȱetȱal.ȱ1998).ȱ
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Figure 10: Schematic of the thermal control system for the HCCI engine 
ȱ

Theȱcharacteristicsȱofȱtheȱengineȱandȱtheȱnaturalȱgasȱfuelȱusedȱinȱtheȱanalysisȱareȱgivenȱ
inȱTableȱ5.ȱTheȱdimensionsȱofȱtheȱengineȱcorrespondȱtoȱtheȱCaterpillarȱ3406ȱengine,ȱ
whichȱisȱtheȱengineȱbeingȱconvertedȱtoȱHCCIȱmodeȱatȱLLNL.ȱTheȱfollowingȱsectionsȱ
describeȱtheȱmodelsȱusedȱforȱanalyzingȱtheȱdifferentȱsystemȱcomponents.ȱ

ȱ
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Table 5: Main Characteristics of the Caterpillar 3406 6-Cylinder Engine 
Used for the HCCI Experiments and Composition of the Natural Gas Fuel 

Characteristics 

Engine Geometric Properties  

Displaced volume per cylinder 2400 cm3 

Bore 137 mm 

Stroke 165 mm 

Connecting rod length 262 mm 

Engine speed 1800 rpm 

Geometric compression ratio 16:1 

Natural Gas Composition, Volume %  

Methane 91.1 

Ethane 4.7 

Propane 1.7 

n-Butane 1.4 

Nitrogen 0.6 

Carbon dioxide 0.5 

ȱ

3.3.1. HCCI Engine Model 
CombustionȱinȱtheȱHCCIȱengineȱisȱanalyzedȱusingȱtheȱchemicalȱkineticsȱcodeȱCHEMKINȱ
(Keeȱetȱal.ȱ1996).ȱTheȱreactionȱmechanismȱusedȱinȱthisȱworkȱincludesȱspeciesȱthroughȱC4ȱ

(Pitzȱetȱal.ȱ1991),ȱandȱmodelsȱnaturalȱgasȱautoȱignitionȱchemistry.ȱTheȱmechanismȱ
includesȱNOxȱkineticsȱfromȱtheȱGasȱResearchȱInstituteȱmechanismȱversionȱ1.2,ȱ(Frenklachȱ
etȱal.ȱ1995).ȱTheȱchemicalȱkineticȱreactionȱmechanismsȱusedȱbyȱtheȱmodelȱforȱnaturalȱgasȱ
ignitionȱandȱNOxȱproductionȱhaveȱbeenȱextremelyȱwellȱestablishedȱandȱareȱwidelyȱused.ȱ
Theȱmechanismȱincludesȱ179ȱspeciesȱandȱ1125ȱchemicalȱreactions.ȱ

Forȱthisȱanalysis,ȱCHEMKINȱisȱusedȱinȱsingleȱzoneȱmode.ȱThisȱassumesȱthatȱtheȱmassȱ
insideȱtheȱcylinderȱisȱatȱaȱuniformȱtemperatureȱandȱcomposition.ȱPreviousȱpublicationsȱ
(Acevesȱetȱal.ȱ2000)ȱhaveȱshownȱthatȱaȱmultiȬzoneȱmodelȱcanȱyieldȱbetterȱpredictionsȱforȱ
engineȱperformanceȱthanȱaȱsingleȱzoneȱmodel.ȱHowever,ȱtheȱcomputationalȱ
requirementsȱofȱtheȱmultiȬzoneȱmodelȱmakeȱitȱimpossibleȱtoȱconductȱtheȱgreatȱnumberȱ
ofȱrunsȱrequiredȱtoȱgenerateȱanȱengineȱperformanceȱmap.ȱTheȱsingleȱzoneȱmodelȱcanȱ
predictȱtheȱconditionsȱnecessaryȱforȱHCCIȱignition,ȱandȱitȱisȱthereforeȱappropriateȱforȱ
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thisȱapplication.ȱHowever,ȱitȱisȱnecessaryȱtoȱkeepȱinȱmindȱthatȱtheȱsingleȱzoneȱmodelȱ
overestimatesȱpeakȱcylinderȱpressureȱandȱNOxȱemissionsȱ(Acevesȱetȱal.ȱ2000).ȱ

Theȱcomputationalȱmodelȱtreatsȱtheȱcombustionȱchamberȱasȱaȱhomogeneousȱreactorȱ
withȱaȱvariableȱvolume.ȱTheȱmixedȱtemperatureȱofȱtheȱresidualȱgasesȱandȱtheȱfreshȱ
chargeȱisȱestimatedȱbyȱaȱpublishedȱprocedureȱ(Heywoodȱ1988).ȱTheȱvolumeȱisȱchangedȱ
withȱtimeȱusingȱaȱSliderȬCrankȱequation.ȱTheȱheatȱtransferȱsubmodelȱemployedȱinȱtheȱ
CHEMKINȱcodeȱsimulationsȱusesȱtheȱWoschniȱcorrelationȱ(Woschniȱ1967).ȱTheȱcylinderȱ
wall,ȱpistonȱandȱheadȱareȱallȱassumedȱtoȱbeȱatȱaȱuniformȱ430ȱK.ȱTheȱmodelȱcalculatesȱtheȱ
fractionȱofȱresidualȱgases,ȱwhichȱisȱaȱfunctionȱofȱtheȱoperatingȱconditions.ȱThereȱisȱnoȱ
intentionalȱEGR.ȱExhaustȱtemperatureȱisȱdeterminedȱfromȱtheȱtemperatureȱofȱtheȱ
combustionȱproductsȱatȱtheȱtimeȱofȱexhaustȱvalveȱopeningȱ(obtainedȱfromȱCHEMKIN)ȱ
andȱaȱthermodynamicȱmodelȱforȱtheȱgasȱexpansionȱintoȱtheȱexhaustȱ(Woschniȱ1967).ȱ
Engineȱfrictionȱcalculationsȱareȱbasedȱonȱaȱliteratureȱmethodȱ(Pattonȱetȱal.ȱ1989).ȱThisȱ
modelȱgeneratesȱanȱestimateȱforȱFMEP,ȱwhichȱisȱthenȱsubtractedȱfromȱtheȱengineȱIMEPȱ
toȱobtainȱtheȱengineȱBMEP.ȱ

3.3.2. Exhaust Heat Recovery 
Theȱheaterȱisȱaȱheatȱexchangerȱlocatedȱbetweenȱtheȱexhaustȱgasȱandȱtheȱintakeȱmixtureȱofȱ
airȱandȱfuel.ȱIntakeȱairȱflowsȱintoȱtheȱheaterȱafterȱflowingȱthroughȱtheȱcompressor.ȱ
Thermalȱenergyȱofȱtheȱexhaustȱgasȱisȱusedȱtoȱincreaseȱtheȱtemperatureȱofȱtheȱintakeȱ
mixture.ȱTheȱheaterȱisȱusedȱmainlyȱatȱlowȱpowerȱconditionsȱorȱatȱidle,ȱwhereȱtheȱintakeȱ
airȱisȱnotȱheatedȱenoughȱbyȱcompression.ȱUnderȱtheseȱconditions,ȱtheȱintakeȱairȱmayȱbeȱ
tooȱcoldȱtoȱreactȱifȱitȱisȱnotȱheated.ȱTheȱperformanceȱofȱtheȱheaterȱisȱspecifiedȱthroughȱitsȱ
effectiveness,ȱdefinedȱas:ȱ
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whereȱsubscriptsȱ2,ȱ3ȱandȱ7ȱindicateȱlocationsȱinȱFigureȱ10,ȱandȱ(mcp)minȱisȱtheȱminimumȱ
ofȱ(mcp)2ȱandȱ(mcp)7.ȱInȱthisȱcaseȱtheȱminimumȱheatȱcapacityȱrateȱ(mcp)minȱisȱequalȱtoȱtheȱ
heatȱcapacityȱrateȱofȱtheȱintakeȱfuelȬairȱmixtureȱ(mcp)0.ȱThereforeȱEq.ȱ(2)ȱcanȱbeȱexpressedȱ
as,ȱ

)1( T*TT h2h73 H��H ȱ ȱ ȱ ȱ (3)ȱ

Pressureȱdropȱthroughȱtheȱheaterȱisȱneglected.ȱ

3.3.3. Turbocharger 
Theȱturbochargerȱisȱnecessaryȱtoȱincreaseȱtheȱengineȱpowerȱoutput.ȱTheȱcompressorȱhasȱ
theȱadditionalȱeffectȱofȱheatingȱtheȱengineȱcharge,ȱwhichȱmayȱbeȱnecessaryȱtoȱobtainȱ
combustionȱunderȱsomeȱconditions.ȱEquationȱ(4)ȱrelatesȱconditionsȱupstreamȱ(stateȱ1ȱinȱ
Figureȱ10)ȱandȱdownstreamȱ(stateȱ2)ȱofȱtheȱcompressor,ȱ
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whereȱJңȱisȱtheȱratioȱcp/cvȱinȱstateȱ1,ȱandȱKpcȱisȱtheȱpolytropicȱefficiency,ȱassumedȱtoȱbeȱ
equalȱtoȱ0.8ȱ(Wilsonȱ1993).ȱAȱpolytropicȱefficiencyȱofȱ80%ȱcorrespondsȱtoȱanȱisentropicȱ
efficiencyȱinȱtheȱrangeȱofȱ55Ȭ70%,ȱwhichȱisȱsimilarȱtoȱtheȱrangeȱofȱisentropicȱefficienciesȱ
foundȱinȱautomotiveȱcompressorsȱ(Heywoodȱ1988).ȱForȱtheȱturbine,ȱaȱsimilarȱequationȱisȱ
usedȱ(Eq.ȱ5),ȱwithȱtheȱsameȱpolytropicȱefficiencyȱKpt=0.8.ȱ
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3.3.4. Intercooler 
Theȱintercoolerȱisȱnecessaryȱunderȱsomeȱconditionsȱtoȱcontrolȱtheȱautoȱignitionȱtiming.ȱ
TheȱcompressorȱincreasesȱtheȱpressureȱandȱtemperatureȱofȱtheȱfuelȬairȱmixtureȱandȱthisȱ
mayȱexcessivelyȱadvanceȱheatȱrelease.ȱUnderȱtheseȱconditions,ȱitȱisȱnecessaryȱtoȱcoolȱtheȱ
mixtureȱtoȱobtainȱautoȱignitionȱatȱtheȱrightȱtime.ȱInȱtheȱintercooler,ȱtheȱhotȱintakeȱgasesȱ
coolȱdownȱbyȱtransferringȱheatȱtoȱtheȱwaterȱfromȱtheȱcoolingȱsystem.ȱTheȱintercoolerȱ
effectivenessȱisȱgivenȱby:ȱ
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inȱthisȱcaseȱtheȱminimumȱheatȱcapacityȱrateȱ(mcp)minȱisȱequalȱtoȱtheȱheatȱcapacityȱrateȱofȱ
theȱmixtureȱatȱtheȱintercoolerȱintake,ȱ(mcp)4.ȱEq.ȱ(6)ȱthenȱreducesȱto,ȱȱ

)1( * 3,4 iiwi TTT HH �� ȱ ȱ ȱ ȱ ȱ (7)ȱ

Theȱanalysisȱneglectsȱpressureȱdropȱthroughȱtheȱintercooler.ȱTheȱcoolingȱwaterȱ
temperatureȱ(Ti,w)ȱisȱassumedȱconstantȱandȱequalȱtoȱ373ȱK.ȱ

3.3.5. System Optimization 
Optimizationsȱwereȱconductedȱforȱtwentyȱdifferentȱoperatingȱpointsȱbyȱfollowingȱtheȱ
nextȱprocedure.ȱ

1. CHEMKINȱwasȱusedȱtoȱgenerateȱaȱlookupȱtableȱthatȱproducesȱresultsȱforȱengineȱ
brakeȱthermalȱefficiency,ȱcombustionȱtiming,ȱpeakȱcylinderȱpressureȱandȱNOxȱ
emissionsȱwhenȱtheȱconditionsȱforȱtheȱrunȱareȱprovidedȱ(pressureȱandȱ
temperatureȱatȱtheȱbeginningȱofȱtheȱcompressionȱstroke,ȱequivalenceȱratio,ȱandȱ
EGR).ȱTheȱrangesȱusedȱtoȱcreateȱtheȱlookupȱtableȱare:ȱtemperatureȱfromȱ420Ȭ490ȱ
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K,ȱpressureȱfromȱ50ȱkilopascalsȱ(kPa)ȱtoȱ350ȱkPa,ȱequivalenceȱratioȱfromȱ0.2ȱtoȱ
0.45,ȱandȱEGRȱfromȱ0.01ȱtoȱ0.1.ȱTheȱlookupȱtableȱhasȱ3024ȱdataȱpoints.ȱ

2. AȱfourȬdimensionalȱlinearȱinterpolationȱwasȱdevelopedȱtoȱuseȱtheȱlookupȱtableȱ
informationȱinȱtheȱsystemȱsimulationȱcomputerȱcode.ȱ

3. Anȱoptimizerȱisȱusedȱtoȱdetermineȱoperatingȱconditionsȱthatȱresultȱinȱoptimumȱ
brakeȱthermalȱefficiencyȱforȱ1800ȱrpmȱandȱdifferentȱvaluesȱofȱbrakeȱpower.ȱ

ȱ

Forȱoptimizationȱofȱengineȱoperatingȱconditions,ȱtheȱlookupȱtableȱfromȱCHEMKINȱisȱ
linkedȱtoȱanȱequationȱsolverȱandȱoptimizerȱ(KleinȱandȱAlvaradoȱ2002).ȱTheȱoptimizationȱ
isȱconductedȱwithȱfourȱdecisionȱvariablesȱthatȱcanȱbeȱadjustedȱtoȱobtainȱtheȱdesiredȱ
powerȱoutput,ȱwhileȱmaintainingȱsatisfactoryȱcombustionȱandȱemissions.ȱTheȱfourȱ
decisionȱvariablesȱandȱtheirȱallowableȱrangesȱare:ȱ

1. FuelȬairȱequivalenceȱratio,ȱ0.1ȱdȱIȱdȱ0.45ȱ

2. Heaterȱeffectivenessȱ(Eq.ȱ2),ȱ0ȱdȱHhȱdȱ0.6ȱ

3. Turbochargerȱoutletȱpressureȱ(Eq.ȱ4),ȱ1ȱbarȱdȱP3ȱdȱ3.5ȱbarȱ

4. Intercoolerȱeffectivenessȱ(Eq.ȱ6),ȱ0ȱdȱHiȱdȱ0.6ȱ

ȱ

Theȱheaterȱandȱtheȱintercoolerȱareȱnotȱusedȱatȱtheȱsameȱtime.ȱWhenȱHh>0,ȱHi=0,ȱandȱwhenȱ
Hi>0,ȱHh=0.ȱTwoȱconstraintsȱareȱalsoȱintroducedȱinȱtheȱanalysis.ȱTheseȱare:ȱ

1. NOxȱconcentrationȱinȱtheȱexhaustȱisȱlessȱthanȱ2ȱpartsȱperȱmillionȱ(ppm),ȱwhichȱ
convertsȱtoȱ0.015ȱg/bhpȬhrȱ(=0.02ȱg/kWh,ȱtheȱemissionsȱtarget).ȱȱ

2. Theȱpeakȱcylinderȱpressureȱisȱlessȱthanȱ220ȱbar.ȱThisȱvalueȱisȱtheȱreportedȱ
maximumȱallowableȱpressureȱforȱtheȱCaterpillarȱ3406ȱ(Hiltnerȱetȱalȱ2002).ȱȱ

ȱ

Threeȱdifferentȱoptimizationsȱareȱdoneȱforȱdifferentȱoperatingȱconditions.ȱ

1. Forȱzeroȱpowerȱ(idle),ȱtheȱoptimizerȱfindsȱtheȱconditionsȱforȱminimumȱfuelȱ
consumption.ȱ

2. ForȱanyȱgivenȱnonȬzeroȱpower,ȱtheȱoptimizerȱmaximizesȱtheȱbrakeȱthermalȱ
efficiencyȱofȱtheȱsystem.ȱ

3. Toȱdetermineȱtheȱmaximumȱpower,ȱtheȱoptimizerȱmaximizesȱpowerȱwithȱnoȱ
concernȱforȱefficiency.ȱHowever,ȱtheȱpeakȱcylinderȱpressureȱandȱNOxȱrestrictionsȱ
stillȱhaveȱtoȱbeȱmet.ȱ

ȱ

Theȱanalysisȱpresentedȱhereȱusesȱsimplifiedȱmodelsȱforȱturbocharger,ȱheater,ȱandȱ
intercooler,ȱandȱtheȱengineȱisȱanalyzedȱwithȱaȱsingleȬzoneȱdetailedȱchemicalȱkineticsȱ
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codeȱ(CHEMKIN).ȱItȱisȱrecognizedȱthatȱtheȱsimplifyingȱassumptionsȱintroducedȱhereȱ
mayȱnotȱreflectȱactualȱconditionsȱinȱaȱrealȱengine.ȱHowever,ȱtheȱresultsȱareȱexpectedȱtoȱ
guideȱtheȱexperimentsȱtoȱbeȱconductedȱinȱtheȱLLNLȱengineȱoperatingȱinȱHCCIȱmode.ȱIfȱ
moreȱaccuracyȱisȱdesired,ȱtheȱsimplifiedȱcomponentȱmodelsȱcanȱbeȱreplacedȱbyȱdetailedȱ
modelsȱorȱbyȱempiricalȱperformanceȱmaps,ȱresultingȱinȱanȱengineȱsystemȱmodelȱthatȱcanȱ
makeȱaccurateȱpredictionsȱforȱtheȱengine.ȱ

3.3.6. Analysis Results 
Figureȱ11,ȱFigureȱ12,ȱandȱFigureȱ13ȱshowȱtheȱvaluesȱofȱtheȱdecisionȱvariablesȱthatȱresultȱ
inȱoptimumȱengineȱefficiency.ȱFigureȱ11ȱshowsȱheaterȱeffectivenessȱandȱintercoolerȱ
effectivenessȱasȱaȱfunctionȱofȱbrakeȱpower.ȱForȱidleȱoperation,ȱtheȱintakeȱtemperatureȱhasȱ
toȱbeȱincreasedȱtoȱobtainȱsatisfactoryȱcombustion.ȱThisȱrequiresȱaȱhighȱheaterȱ
effectivenessȱ(0.6).ȱFromȱthisȱpoint,ȱtheȱheaterȱeffectivenessȱdecreasesȱsteadily.ȱOperationȱ
ofȱtheȱturbochargerȱcompressesȱtheȱchargeȱandȱincreasesȱitsȱtemperature.ȱTherefore,ȱlessȱ
heatingȱisȱrequiredȱasȱtheȱintakeȱpressureȱincreases.ȱForȱhighȱintakeȱpressures,ȱtheȱ
temperatureȱafterȱcompressionȱisȱhigh,ȱandȱtheȱheaterȱisȱnoȱlongerȱneeded.ȱInstead,ȱtheȱ
intercoolerȱhasȱtoȱbeȱoperatedȱtoȱachieveȱsatisfactoryȱcombustion.ȱTheȱintercoolerȱisȱfirstȱ
operatedȱwhenȱtheȱbrakeȱpowerȱisȱ151ȱkW,ȱandȱtheȱmaximumȱintercoolerȱeffectivenessȱisȱ
0.58ȱatȱmaximumȱpower.ȱ
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Figure 11: Optimum heater and intercooler effectiveness as a function of brake power for 

1800 rpm, where solid line shows the heater effectiveness and the dotted line 
shows the intercooler effectiveness 

ȱ

TheȱequivalenceȱratioȱthatȱresultsȱinȱoptimumȱengineȱefficiencyȱisȱshownȱinȱFigureȱ12ȱasȱ
aȱfunctionȱofȱengineȱbrakeȱpower.ȱTheȱequivalenceȱratioȱisȱkeptȱatȱaȱlowȱvalueȱ(0.22)ȱuntilȱ
theȱpowerȱreachesȱ80ȱkW,ȱandȱthenȱitȱincreasesȱsmoothly,ȱreachingȱaȱmaximumȱvalueȱofȱ
0.28ȱforȱmaximumȱpowerȱ(203ȱkW).ȱTheȱequivalenceȱratioȱremainsȱextremelyȱlowȱ
throughoutȱtheȱwholeȱoperatingȱrangeȱdueȱtoȱtheȱveryȱstrictȱrestrictionȱonȱNOxȱemissionsȱ
(2ȱppm).ȱAsȱpreviouslyȱdiscussed,ȱtheȱsingleȱzoneȱmodelȱusedȱhereȱtoȱanalyzeȱHCCIȱ
combustionȱtendsȱtoȱpredictȱaȱveryȱsuddenȱcombustion,ȱandȱthereforeȱitȱisȱlikelyȱtoȱ
overpredictȱNOxȱemissions.ȱTherefore,ȱinȱtheȱexperimentalȱengineȱitȱisȱlikelyȱthatȱtheȱ
equivalenceȱratioȱcanȱbeȱincreasedȱaboveȱ0.3ȱwhileȱstillȱmeetingȱtheȱNOxȱrestriction.ȱȱ



   38

0.2

0.22

0.24

0.26

0.28

0.3

0 100 200 300

Eq
ui
va
le
nc
e 
R
at
io

Brake Power, KW
 

Figure 12: Equivalence ratio as a function of brake power for optimum operating 
conditions for the engine, at 1800 rpm 

ȱ

Figureȱ13ȱshowsȱtheȱHCCIȱengineȱintakeȱpressureȱ(turbochargerȱoutletȱpressure)ȱandȱtheȱ
intakeȱgasȱtemperatureȱasȱaȱfunctionȱofȱengineȱbrakeȱpower.ȱIntakeȱpressureȱisȱshownȱ
withȱaȱdottedȱlineȱandȱtemperatureȱisȱshownȱwithȱaȱsolidȱline.ȱTheȱpressureȱlineȱ(dotted)ȱ
showsȱthatȱfromȱidleȱtoȱ20ȱkWȱitȱisȱoptimumȱtoȱoperateȱtheȱengineȱwithȱatmosphericȱ
intake.ȱTheȱturbochargerȱisȱthenȱusedȱtoȱincreaseȱtheȱintakeȱpressureȱasȱpowerȱincreases.ȱ
Theȱmaximumȱallowableȱinletȱpressureȱ(350ȱkPa)ȱisȱreachedȱatȱ160ȱkW,ȱandȱtheȱinletȱ
pressureȱremainsȱconstantȱasȱtheȱpowerȱisȱfurtherȱincreased.ȱȱ

Theȱtemperatureȱ(solid)ȱlineȱinȱFigureȱ13ȱshowsȱthatȱsubstantialȱpreheatingȱisȱrequiredȱtoȱ
achieveȱignitionȱatȱlowȱpowerȱconditions,ȱdueȱtoȱtheȱlowȱequivalenceȱratioȱ(Figureȱ12)ȱ
andȱlowȱintakeȱpressure.ȱAsȱtheȱpowerȱincreases,ȱtheȱintakeȱtemperatureȱdropsȱfromȱ498ȱ
Kȱatȱidleȱtoȱ425ȱKȱforȱmaximumȱpowerȱ(203ȱkW).ȱThisȱisȱdueȱtoȱtheȱhigherȱequivalenceȱ
ratio,ȱtheȱhighȱintakeȱpressure,ȱandȱtheȱhighȱtemperatureȱofȱtheȱresidualȱgases.ȱȱ
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Figure 13: Optimum intake cylinder pressure and intake cylinder temperature as a function 

of brake power, for 1800 rpm, where dotted line shows the intake cylinder 
pressure and solid line shows intake cylinder temperature 

ȱ

TheȱvaluesȱforȱtheȱdecisionȱvariablesȱshownȱinȱFigureȱ11,ȱFigureȱ12,ȱandȱFigureȱ13ȱresultȱ
inȱoptimumȱengineȱefficiencyȱwhileȱmeetingȱtheȱconstraintsȱforȱmaximumȱNOxȱ
emissionsȱandȱmaximumȱpeakȱcylinderȱpressure.ȱFigureȱ14ȱshowsȱtheȱvaluesȱofȱtheȱtwoȱ
restrictionsȱusedȱinȱtheȱoptimization.ȱFigureȱ14ȱshowsȱNOxȱemissionsȱinȱpartsȱperȱmillionȱ
(ppm)ȱasȱaȱsolidȱlineȱandȱpeakȱcylinderȱpressureȱinȱbarȱasȱaȱdottedȱline,ȱbothȱasȱaȱ
functionȱofȱbrakeȱpower,ȱforȱtheȱoptimumȱoperatingȱconditionsȱforȱtheȱengineȱoperatingȱ
atȱ1800ȱrpm.ȱFigureȱ14ȱshowsȱthatȱbothȱNOxȱemissionsȱandȱpeakȱcylinderȱpressureȱ
increaseȱasȱtheȱpowerȱincreases.ȱNOxȱemissionsȱreachȱtheirȱhigherȱboundȱ(2ȱppm)ȱatȱ50ȱ
kW.ȱFromȱthisȱpoint,ȱNOxȱemissionsȱremainȱsteadyȱatȱ2ȱppmȱasȱtheȱpowerȱisȱincreased,ȱ
whileȱtheȱpeakȱcylinderȱpressureȱincreasesȱrapidly.ȱAtȱmaximumȱpower,ȱtheȱpeakȱ
cylinderȱpressureȱreachesȱitsȱhigherȱboundȱ(220ȱbar).ȱȱ
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Figure 14: NOx emissions in parts per million (ppm, solid line) and peak cylinder pressure 

in bar (dotted line) as a function of brake power, for the optimum operating 
conditions for the engine, at 1800 rpm 

ȱ

Figureȱ15ȱshowsȱtheȱoptimumȱengineȱbrakeȱthermalȱefficiencyȱasȱaȱfunctionȱofȱengineȱ
outputȱpower.ȱTheȱsolidȱlineȱrepresentsȱtheȱoptimumȱbrakeȱthermalȱefficiencyȱwhenȱtheȱ
heaterȱisȱusedȱtoȱconditionȱtheȱchargeȱ(upȱtoȱ151ȱkWȱoutputȱpower,ȱseeȱFigureȱ10).ȱTheȱ
dottedȱlineȱrepresentsȱtheȱoptimumȱbrakeȱthermalȱefficiencyȱwhenȱtheȱintercoolerȱisȱ
used.ȱFigureȱ15ȱshowsȱthatȱtheȱefficiencyȱincreasesȱrapidlyȱasȱtheȱpowerȱisȱincreased,ȱ
reachingȱaȱmaximumȱofȱ42%ȱatȱaȱbrakeȱpowerȱofȱ181ȱkW.ȱTheȱefficiencyȱthenȱdropsȱ
slightlyȱ(downȱtoȱ40%)ȱasȱtheȱpowerȱoutputȱisȱfurtherȱincreasedȱtoȱitsȱmaximumȱvalueȱ
(203ȱkW).ȱMaximumȱbrakeȱpowerȱisȱsimultaneouslyȱlimitedȱbyȱtheȱtwoȱrestrictions:ȱNOxȱ
isȱ2ȱppmȱandȱmaximumȱpressureȱisȱ220ȱbarȱ(Figureȱ14).ȱȱ
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Figure 15: Optimum brake thermal efficiency as a function of brake power, for 1800 rpm, 

where the solid line shows HCCI engine efficiency of the operating with the 
heater and the dotted line shows the efficiency of the HCCI engine with the 
intercooler 

ȱ

TheȱresultsȱofȱtheȱanalysisȱshowȱthatȱtheȱHCCIȱengineȱcanȱproduceȱtheȱengineȱratedȱ
powerȱofȱ203ȱkWȱwithȱNOxȱemissionsȱunderȱ0.015ȱg/bhpȬhrȱatȱ42%ȱefficiency.ȱTheseȱ
valuesȱrepresentȱfeasibleȱgoalsȱforȱtheȱongoingȱexperimentalȱeffort.ȱIfȱachieved,ȱtheȱ
resultsȱwillȱopenȱtheȱdoorȱtoȱclean,ȱefficientȱandȱinexpensiveȱstationaryȱpowerȱ
generationȱbasedȱonȱHCCIȱengines,ȱwithȱmultipleȱapplicationsȱtoȱpowerȱgenerationȱandȱ
cogenerationȱ(Acevesȱetȱal.ȱ2004)ȱinȱurbanȱareasȱandȱimpactedȱbasinsȱwithȱstrictȱ
emissionsȱstandards.ȱFutureȱworkȱwillȱfocusȱonȱachievingȱtheȱ45%ȱARICEȱefficiencyȱ
target.ȱThisȱmayȱbeȱachievedȱbyȱincreasingȱtheȱspecificȱpowerȱthroughȱveryȱhighȱboostȱ
(~6ȱbarȱintake)ȱwhileȱtheȱcompressionȱratioȱandȱotherȱdecisionȱvariablesȱareȱoptimallyȱ
selectedȱtoȱmaximizeȱefficiency.ȱȱ

ȱ

3.4. Siting and Installation of Multi-cylinder Engine 
3.4.1. Engine Acquisition 
AnȱengineȬgeneratorȱsetȱwasȱacquiredȱthroughȱtheȱgraceȱofȱtheȱCaterpillarȱEngineȱ
Company.ȱCaterpillarȱprovidedȱaȱnaturalȱgasȱfueledȱG3406ȱgensetȱinȱsupportȱofȱlongȬ
termȱHCCIȱR&DȱatȱLLNL.ȱTheȱengineȱisȱideallyȱsuitedȱforȱconversionȱtoȱHCCIȱoperationȱ
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forȱtheȱpurposesȱofȱdevelopingȱtheȱARICEȱEPAGȱsystem.ȱTheȱengineȱwasȱdeliveredȱbyȱ
CaterpillarȱtoȱtheȱLLNLȱsiteȱonȱMayȱ1,ȱ2003.ȱȱ

Tableȱ6ȱbelowȱshowsȱtheȱperformanceȱparametersȱforȱtheȱG3406ȱEngineȱinȱsparkȱignitionȱ
modesȱasȱreportedȱinȱCaterpillarȱliteratureȱ(CaterpillarȱEngineȱCompanyȱ2001a,ȱ2001b).ȱ
Figureȱ16ȱshowsȱtheȱengineȱinȱtheȱCaterpillarȱFacility,ȱpriorȱtoȱdeliveryȱtoȱLLNL.ȱThisȱ
engineȱwasȱselectedȱasȱanȱappropriateȱengineȱforȱtheȱconversionȱtoȱHCCIȱmodeȱbasedȱ
uponȱaȱvarietyȱofȱcriteria.ȱTheȱselectionȱofȱthisȱspecificȱengineȱwasȱdoneȱafterȱaȱgreatȱdealȱ
ofȱconsultationȱwithȱDr.ȱScottȱFiveland,ȱtechnicalȱleadȱofȱHCCIȱresearchȱactivitiesȱatȱ
Caterpillar,ȱDr.ȱJoelȱHiltnerȱofȱHiltnerȱCombustionȱSystems,ȱanȱexpertȱinȱengineȱsystemsȱ
forȱpowerȱgeneration,ȱandȱProf.ȱRobertȱDibbleȱofȱUCȱBerkeley,ȱaȱleadingȱcombustionȱ
researchȱandȱlongtimeȱLLNLȱpartnerȱonȱHCCIȱresearch,ȱincludingȱthisȱproject.ȱThisȱ
gensetȱhasȱmanyȱfeaturesȱthatȱareȱappropriateȱforȱtheȱHCCIȱARICEȱEPAGȱapplication.ȱ
TheȱtargetȱpowerȱoutputȱforȱthisȱHCCIȱapplicationȱisȱ200ȱkW,ȱandȱtheȱG3406ȱgensetȱ
selectedȱhereȱnominallyȱoperatesȱatȱ190ȱkWȱinȱcontinuousȱoperation,ȱandȱupȱtoȱ240ȱkWȱ
inȱstandbyȱmode.ȱDieselȱ3406ȱenginesȱwithȱidenticalȱdisplacementȱenginesȱgensetsȱcanȱ
operateȱupȱtoȱ350ȱkWȱofȱpowerȱoutput.ȱBasedȱonȱpreviousȱexperienceȱandȱperformanceȱ
estimates,ȱtheȱconclusionȱisȱthatȱsufficientȱmarginȱexistsȱtoȱbeȱableȱtoȱachieveȱtheȱtargetȱ
200ȱkWȱpowerȱoutput.ȱ

Table 6 :Summary of Important Performance Specifications for Base Engine, a Natural Gas 
3406 Generator Set Operating on Natural Gas 

Specifications 

Performance Parameters  

Power rating (Continuous Duty) 190 kW 

Displacement 14.6 Liters 

Bore 137 mm 

Stroke 164 mm 

Compression Ratio 10.3:1 

Fuel Consumption @ 100% Load 64 N-m3/hr 

Engine efficiency @ 100% Load 29.5 % 

NOx emission 19.7 g/bhp-hr 

CO 1 g/bhp-hr 

HC (Total) 4.2 g/bhp-hr 

HC (Non-methane) 0.63 g/bhp-hr 

Aspiration Turbocharged-Aftercooled 

Package Dimensions  
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Specifications 

Length 4.0 m 

Width 1.4 m 

Height 2.1 m 

Mass 4318 kg 

ȱ

Thisȱengineȱisȱappropriateȱforȱtheȱdistributedȱgenerationȱandȱbackupȱpowerȱmarkets,ȱ
oftenȱconsideredȱtoȱbeȱtheȱ50ȱkWȱtoȱ10ȱMWȱrangeȱofȱoperation.ȱTheȱindustrialȱpackageȱ
engineȱgensets,ȱasȱsuppliedȱbyȱcompaniesȱsuchȱasȱCaterpillar,ȱCummins,ȱorȱWaukeshaȱinȱ
theȱUS,ȱtypicallyȱrangeȱfromȱ100ȱkWȬ3ȱMWȱforȱaȱsingleȱengineȬgeneratorȱsetȱunit.ȱTheȱ
G3406ȱselectedȱisȱatȱtheȱlowerȱendȱofȱthisȱrange,ȱwhichȱforȱresearchȱandȱdevelopmentȱ
purposesȱgivesȱmanyȱadvantages.ȱTheȱ200ȱkWȱsizeȱclassȱhasȱlowerȱfuelȱsupplyȱandȱ
energyȱdissipationȱrequirementsȱrelativeȱtoȱtheȱlargerȱscaleȱmachines,ȱsoȱresourcesȱareȱ
significantlyȱlessȱtaxed.ȱFuelȱsupplyȱisȱaȱkeyȱissueȱbecauseȱaȱlargerȱgensetȱmightȱrequireȱ
accessȱtoȱhigherȱcapacityȱgasȱsupply,ȱwhichȱmightȱresultȱinȱsignificantȱtimeȱandȱexpenseȱ
toȱaccess.ȱTheȱG3406ȱisȱofȱaȱscaleȱthatȱfuelȱsupplyȱcanȱbeȱhandledȱwithȱtypicalȱreadilyȱ
availableȱindustrialȱsupplyȱsystems.ȱTheȱdissipationȱsystemȱforȱaȱ200ȱkWȱclassȱengineȱisȱ
veryȱtypicalȱandȱcommonlyȱavailableȱloadȱdissipationȱsystems,ȱi.e.ȱaȱresistiveȱloadȱbank.ȱ
Modifications,ȱmaintenance,ȱandȱrepairȱrequireȱsignificantlyȱlowerȱeffort.ȱTheȱbasicȱsizeȱ
ofȱtheȱengineȱisȱanȱadvantageȱrelativeȱtoȱlargerȱframeȱmachines,ȱasȱdisassemblyȱcanȱbyȱ
handledȱwithȱaȱtypicalȱlightȱdutyȱshopȱhoist.ȱInȱaddition,ȱtheȱ3406ȱengineȱbenefitsȱfromȱ
beingȱaȱwidelyȱusedȱengineȱframeȱforȱdieselȱtruckȱengines.ȱThus,ȱstockȱpartsȱandȱ
aftermarketȱpartsȱareȱwidelyȱavailableȱfromȱengineȱpartsȱsuppliersȱatȱsignificantlyȱlowerȱ
costȱthanȱwouldȱbeȱforȱtheȱsubstantiallyȱlessȱcommonȱlargerȱframeȱengines.ȱ

ȱ
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Figure 16:Caterpillar 3406 Genset before delivery to LLNL 
Photo Credit: Lawrence Livermore National Laboratory 

ȱ

InȱregardȱtoȱHCCIȱengineȱoperation,ȱenginesȱwithȱlargerȱdisplacementȱperȱcylinderȱ
enginesȱareȱactuallyȱbetterȱsuitedȱtoȱoperationȱinȱHCCIȱmode,ȱdueȱtoȱlowerȱheatȱtransferȱ
andȱtypicallyȱhigherȱsurfaceȱtoȱvolumeȱratio.ȱThusȱtheȱresultsȱfromȱthisȱHCCIȱ3406ȱ
engineȱcanȱbeȱreadilyȱappliedȱtoȱlargerȱdisplacementȱengines.ȱEvenȱneglectingȱtheȱ
potentialȱtoȱscaleȱthisȱengineȱtoȱhigherȱpowerȱoutput,ȱtheȱ200ȱkWȱclassȱisȱaȱsignificantȱ
potentialȱmarketȱinȱitselfȱforȱindustrialȱpowerȱgeneration,ȱpowerȱandȱcombinedȱheatȱandȱ
powerȱapplicationsȱforȱhotelsȱandȱcommercialȱestablishments,ȱbackupȱpowerȱandȱotherȱ
applications.ȱTheȱnaturalȱgasȱsparkȬignitedȱversionȱofȱtheȱ3406ȱhasȱaȱcombustionȱ
chamberȱnearlyȱidenticalȱtoȱtheȱDieselȱversionȱofȱthisȱengine.ȱThus,ȱtheȱengineȱisȱ
designedȱtoȱwithstandȱDieselȱpeakȱpressureȱloads;ȱpressureȱloadsȱsignificantlyȱgreaterȱ
whatȱwouldȱbeȱrequiredȱifȱtheȱengineȱwereȱdesignedȱtoȱwithstandȱloadsȱrequiredȱforȱaȱ
sparkȱignitedȱnaturalȱgasȱengineȱoperation.ȱThisȱisȱofȱgreatȱbenefitȱforȱconversionȱtoȱ
HCCIȱoperationȱbecauseȱtheȱpeakȱpressuresȱareȱmoreȱtypicalȱofȱDieselȱoperationȱthanȱofȱ
sparkȱignitionȱoperation.ȱ

3.4.2. Materials Acquisition and Site Selection 
Afterȱidentifyingȱtheȱengine,ȱaȱconceptualȱlayoutȱofȱtheȱengineȱsystemȱinȱHCCIȱoperationȱ
wasȱdeveloped.ȱFigureȱ17ȱshowsȱaȱdetailedȱlayoutȱofȱtheȱvariousȱdesignȱgroupsȱthatȱ
needȱtoȱbeȱaddressedȱforȱtheȱoperatingȱdesign.ȱTheȱsiteȱselectionȱwasȱconductedȱtoȱ
accommodateȱtheȱspecificȱneedsȱidentifiedȱinȱthisȱsystemȱlayout,ȱasȱwellȱasȱtheȱpackageȱ
dimensionsȱspecifiedȱinȱTableȱ6.ȱForȱbasicȱengineȱsetup,ȱtheȱsiteȱneedsȱtoȱaccommodateȱ
theȱpackageȱdimensionsȱandȱmass,ȱhaveȱreadyȱaccessȱtoȱsufficientȱsupplyȱofȱnaturalȱgas,ȱ
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andȱhaveȱaccommodationsȱforȱremovingȱtheȱexhaustȱgas.ȱItȱisȱalsoȱnecessaryȱtoȱconsiderȱ
theȱimpactȱofȱtheȱworkȱonȱotherȱongoingȱprojectsȱinȱtheȱarea,ȱasȱtheȱworkȱcallsȱforȱ1000ȱ
hoursȱofȱrunningȱinȱlaterȱtasksȱofȱtheȱproject.ȱȱ

 
Figure 17:Design system breakdown for the HCCI conversion of the 3406 Engine 
ȱ

Anȱissueȱuniqueȱtoȱthisȱprojectȱisȱtheȱstarterȱsystem.ȱTheȱstarterȱwillȱbeȱusedȱinȱthisȱ
systemȱtoȱ“motor”ȱtheȱengine,ȱorȱestablishȱsustainedȱrotationȱofȱtheȱengineȱpriorȱtoȱ
generationȱofȱpowerȱbyȱcombustion.ȱBecauseȱaȱconventionalȱelectricȱstarterȱcanȱbeȱ
operatedȱinȱsustainedȱrotationȱforȱlessȱthanȱ30ȱseconds,ȱitȱisȱdeemedȱinadequateȱforȱtheȱ
needsȱofȱthisȱproject.ȱForȱtheȱpurposesȱthisȱproject,ȱespeciallyȱinȱinvestigatingȱearlyȱ
startupȱstrategies,ȱitȱisȱdesirableȱtoȱbeȱableȱtoȱhaveȱsustainedȱrotationȱforȱupȱtoȱseveralȱ
minutes.ȱAlternativesȱareȱanȱelectricȱmotor,ȱorȱanȱairȱstarter.ȱAnȱACȱinductionȱelectricȱ
motorȱcanȱeffectivelyȱstartȱandȱsustainȱrotationȱofȱtheȱengine.ȱForȱthisȱengine,ȱitȱwouldȱbeȱ
necessaryȱtoȱhaveȱatȱleastȱ30ȱhpȱforȱstartup.ȱTheȱmotorȱwouldȱneedȱtoȱbeȱclutchedȱtoȱbeȱ
disengagedȱonceȱpowerȱisȱgenerated,ȱandȱwouldȱneedȱtoȱhaveȱappropriateȱpowerȱ
electronicsȱtoȱpreventȱreverseȱcurrentȱflowȱthroughȱtheȱelectricalȱsystem.ȱThisȱelectricȱ
motorȱsystemȱisȱestimatedȱtoȱcostȱ$15,000Ȭ$20,000ȱforȱtheȱhardwareȱandȱadditionalȱcostȱ
forȱinstallation.ȱTheȱelectricȱmotorȱsystemȱwouldȱalsoȱneedȱtoȱbeȱdesignedȱandȱcertifiedȱ
forȱuseȱonȱthisȱengine,ȱpossiblyȱaddingȱcost.ȱAnȱairȱstarterȱsystemȱusesȱaȱhighȱcapacityȱ
airȱlineȱorȱaȱlargeȱpressurizedȱairȱreservoirȱtoȱdriveȱanȱairȱturbine.ȱAirȱstartȱsystemsȱareȱ
commerciallyȱavailableȱforȱtheȱ3406ȱengineȱfamilyȱwithȱaȱcostȱofȱ$2,000Ȭ$3,000ȱforȱtheȱ
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hardware.ȱTheȱairȱstarterȱsystemȱisȱselfȱcontainedȱwithȱanȱinternalȱclutchȱthatȱ
automaticallyȱdisengagesȱwhenȱpowerȱgenerationȱneutrallyȱbalancesȱtheȱfriction.ȱThusȱ
theȱairȱstarterȱwasȱselectedȱasȱtheȱbestȱchoiceȱandȱsiteȱselectionȱmustȱbeȱableȱtoȱ
accommodateȱanȱairȱstarterȱthroughȱaȱhighȱcapacityȱairȱsystemȱorȱaȱlargeȱairȱreservoirȱ
tank.ȱ

Selectingȱtheȱbestȱsiteȱforȱinstallationȱofȱtheȱengineȱinvolvesȱbalancingȱtheȱseveralȱfactorsȱ
involvedȱinȱsuccessfulȱtesting.ȱSeveralȱsitesȱwereȱconsidered,ȱaȱvarietyȱofȱlocationȱatȱ
LLNL,ȱasȱwellȱasȱoffsiteȱlocationsȱincludingȱaȱfacilityȱatȱUCȱBerkeley.ȱTheȱLLNLȱsiteȱwasȱ
chosenȱbecauseȱofȱtheȱresourcesȱavailableȱtoȱbestȱsupportȱtheȱdevelopmentȱandȱtestingȱ
underȱthisȱcontract.ȱSitingȱtheȱengineȱatȱLLNLȱprovidesȱtheȱbestȱaccessȱtoȱtechnicianȱ
support,ȱincludingȱaccessȱtoȱengineȱmechanicsȱatȱLLNL’sȱmotorȱshop.ȱAȱvarietyȱofȱ
locationsȱatȱLLNLȱwithȱfeaturesȱappropriateȱforȱthisȱworkȱwereȱexplored.ȱTwoȱsitesȱinȱ
particularȱwereȱconsideredȱbecauseȱofȱaccessȱtoȱaȱlowȱconductivityȱwaterȱcoolingȱcircuitȱ
withȱaȱcoolingȱtower,ȱaȱlargeȱcapacityȱcompressedȱairȱsystem,ȱandȱaȱhighȱvolumeȱflowȱ
naturalȱgasȱsupply.ȱTheseȱsitesȱalsoȱhadȱheavyȱdutyȱconcreteȱpadsȱsuitableȱforȱmountingȱ
theȱengineȱandȱnecessaryȱaccessȱforȱexhaust.ȱOneȱofȱtheȱsitesȱwasȱinitiallyȱselectedȱandȱ
preliminaryȱscopingȱworkȱwasȱperformed.ȱThisȱsiteȱwasȱchosenȱbecauseȱitȱwasȱmoreȱ
separatedȱfromȱotherȱresearchȱprojects.ȱButȱanȱunforeseenȱcircumstanceȱmadeȱthisȱsiteȱ
ineligibleȱsoonȱafterȱtheȱpreliminaryȱscopingȱworkȱwasȱcompleted;ȱtheȱsiteȱwasȱ
unexpectedlyȱdesignatedȱbyȱtheȱDepartmentȱofȱEnergyȱforȱdemolition.ȱThus,ȱtheȱsiteȱ
selectionȱrevertedȱtoȱtheȱalternateȱsite,ȱandȱscopingȱworkȱbegan.ȱThisȱsiteȱisȱonȱaȱsemiȬ
enclosedȱpadȱlocatedȱadjacentȱtoȱaȱbuildingȱcontainingȱaȱvarietyȱofȱresearchȱprojects.ȱ
Someȱaccommodationsȱwereȱnecessaryȱtoȱensureȱminimumȱimpactȱonȱotherȱresearchȱ
projectsȱinȱtheȱbuilding,ȱsuchȱasȱexhaustȱnoiseȱmitigationȱwithȱaȱhighȱattenuationȱmufflerȱ
andȱsheetȱmetalȱscreeningȱadjacentȱtoȱtheȱengine.ȱ

3.4.3. Engine Installation 
Workȱbeganȱonȱsiteȱpreparationȱinȱanticipationȱofȱtheȱarrivalȱofȱtheȱengine.ȱAȱ
collaborativeȱagreementȱwasȱestablishedȱwithȱCaterpillarȱEngineȱcompany.ȱCaterpillarȱ
agreedȱtoȱprovideȱLLNLȱwithȱaȱgensetȱandȱengineeringȱguidanceȱonȱdevelopmentȱofȱtheȱ
engine.ȱCaterpillar’sȱbenefitȱfromȱthisȱagreementȱisȱsupportȱonȱmodelingȱHCCIȱ
combustionȱandȱmultiȬcylinderȱHCCIȱcontrolȱsystemȱdevelopment.ȱAgain,ȱdeliveryȱofȱ
theȱengineȱtoȱtheȱLLNLȱsiteȱoccurredȱMayȱ1,ȱ2003.ȱ

PriorȱtoȱtheȱarrivalȱofȱtheȱengineȱsiteȱpreparationsȱbeganȱatȱLLNL.ȱAȱseniorȱmechanicalȱ
engineeringȱtechnicianȱwasȱinvolvedȱinȱcoordinatingȱallȱofȱtheȱsiteȱpreparationȱprocess.ȱ
Theȱmajorȱresourcesȱthatȱneededȱtoȱbeȱbroughtȱtoȱtheȱsiteȱwereȱnaturalȱgas,ȱhighȱ
pressureȱair,ȱandȱlowȱconductivityȱwaterȱ(LCW).ȱTheȱexhaustȱsystemȱalsoȱneededȱtoȱbeȱ
installed.ȱFortuitously,ȱaȱnaturalȱgasȱsupplyȱwithȱsignificantȱexcessȱcapacityȱ(9ȱpsig,ȱ2ȱ
inchȱdiameterȱline)ȱwasȱlocatedȱveryȱnearȱtheȱsite.ȱAlsoȱlocatedȱnearbyȱwasȱaȱhighȱ
capacityȱcompressedȱairȱsupplyȱ(90ȱpsig,ȱ2ȱinchȱdiameterȱline).ȱTheȱpressurizedȱairȱ
supplyȱisȱsufficientȱforȱcontinuousȱoperationȱofȱanȱairȱstartȱsystem.ȱȱ
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Figureȱ18ȱandȱFigureȱ19ȱshowȱtheȱsystemsȱinstalledȱforȱengineȱoperation.ȱTheȱnaturalȱgasȱ
wasȱtappedȱupstreamȱofȱtheȱbuildingȱregulatorȱtoȱhaveȱnaturalȱgasȱavailableȱatȱtheȱ
highestȱpressure.ȱCompressedȱairȱwasȱtappedȱinsideȱtheȱbuildingȱfromȱtheȱhighȱcapacityȱ
supply.ȱInȱadditionȱLCWȱlinesȱwereȱextendedȱontoȱtheȱpadȱtoȱbeȱavailableȱforȱtheȱengine.ȱ
Theȱhighȱattenuationȱmufflerȱwasȱinstalledȱinȱtheȱexhaustȱlineȱforȱsoundȱabatement.ȱ
Theseȱmodificationsȱinvolvedȱchangesȱtoȱbuildingȱsystemsȱandȱutilities,ȱandȱasȱsuchȱhadȱ
toȱbeȱlargelyȱhandledȱbyȱLLNLȱplantȱengineeringȱinȱcoordinationȱwithȱtheȱprojectȱ
technician.ȱNoteȱthatȱtheȱrightȬhandȬsideȱwallȱshownȱinȱFigureȱ18ȱcorrespondsȱtoȱtheȱleftȱ
handȱsideȱwallȱinȱFigureȱ19.ȱ
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Figure 18: Test engine installed on LLNL Site 

                    Photo Credit: Lawrence Livermore National Laboratory 
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Figure 19: Gas and air supply installation to engine site 

Photo Credit: Lawrence Livermore National Laboratory 

ȱ

3.4.4. Initial Engine Operation 
Theȱinfrastructuralȱsystemsȱforȱinstallingȱtheȱengineȱwereȱmostlyȱhandledȱpriorȱtoȱtheȱ
arrivalȱofȱtheȱengineȱ(gas,ȱexhaust).ȱOnceȱtheȱengineȱarrivedȱonȱMayȱ1,ȱitȱwasȱmovedȱintoȱ
placeȱbyȱLLNLȱriggers,ȱthenȱsecuredȱtoȱtheȱconcreteȱpad.ȱTheȱgasȱlineȱwasȱextendedȱtoȱ
theȱengineȱfuelȱintake,ȱandȱtheȱengineȱexhaustȱwasȱconnectedȱbyȱflexibleȱstainlessȱsteelȱ
pipeȱtoȱtheȱexhaustȱstack.ȱTheȱengineȱwasȱdeliveredȱfittedȱwithȱaȱradiatorȱtypeȱcoolingȱ
system,ȱusedȱforȱinitialȱfiring.ȱAȱtestȱfiringȱofȱtheȱengineȱinȱsparkȬignitedȱmodeȱwasȱ
conductedȱinȱlateȱMayȱ2003ȱtoȱverifyȱallȱsystemsȱwereȱproperlyȱfunctioningȱpriorȱtoȱ
makingȱmodificationsȱtoȱtheȱengineȱforȱHCCIȱoperation.ȱTheȱengineȱwasȱoperatedȱforȱaȱ
totalȱofȱapproximatelyȱoneȱhourȱwithȱseveralȱstartsȱandȱstops.ȱOverall,ȱallȱengineȱ
systemsȱoperatedȱsatisfactorily.ȱ

ȱ

3.5. Install ETV on Multi-cylinder engine and Initial HCCI 
Operation 

BasedȱonȱtheȱresultsȱofȱtheȱsingleȬcylinderȱtestingȱ(sectionȱ3.1)ȱandȱtheȱsetȬpointȱ
optimizationȱ(sectionȱ3.3ȱaȱthermalȱmanagementȱsystemȱthatȱfollowsȱcloselyȱtheȱ
configurationȱofȱFigureȱ10ȱandȱFigureȱ17ȱabove,ȱwasȱanalyticallyȱevaluatedȱandȱisȱ
expectedȱtoȱyieldȱappropriateȱHCCIȱcombustion.ȱThisȱthermalȱmanagementȱapproachȱ
effectivelyȱaccomplishesȱtheȱroleȱofȱtheȱExhaustȱThrottleȱValvesȱ(ETVs)ȱtoȱcontrolȱ
combustionȱtimingȱonȱaȱcylinderȬbyȬcylinderȱbasis.ȱToȱaccomplishȱinitialȱHCCIȱ
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operation,ȱthreeȱmajorȱareaȱhadȱtoȱbeȱaddressed:ȱStartingȱsystem,ȱfuelȱsystemȱandȱ
controlȱsystem.ȱ

3.5.1. Starting System 
HCCIȱenginesȱareȱoftenȱdifficultȱtoȱstart.ȱAtȱcoldȱstart,ȱtheȱcompressedȱgasȱtemperatureȱ
inȱanȱHCCIȱengineȱisȱreducedȱbecauseȱtheȱchargeȱreceivesȱnoȱpreheatingȱfromȱtheȱintakeȱ
manifoldȱandȱtheȱcompressedȱchargeȱisȱrapidlyȱcooledȱbyȱheatȱtransferȱtoȱtheȱcoldȱ
combustionȱchamberȱwalls.ȱWithoutȱsomeȱcompensatingȱmechanism,ȱtheȱlowȱ
compressedȱchargeȱtemperaturesȱcouldȱpreventȱanȱHCCIȱengineȱfromȱfiring.ȱAȱcommonȱ
approachȱhasȱbeenȱtoȱstartȱtheȱengineȱinȱsparkȱignitionȱmodeȱorȱdieselȱmodeȱandȱ
transitionȱtoȱHCCIȱmodeȱafterȱwarmȱup.ȱHowever,ȱsuccessfulȱtransitionȱtypicallyȱ
requiresȱadvancedȱenginesȱequippedȱwithȱvariableȱcompressionȱratioȱ(VCR)ȱorȱvariableȱ
valveȱtimingȱ(VVT),ȱwhichȱmayȱbeȱexpensiveȱorȱdifficultȱtoȱimplementȱforȱheavyȱdutyȱ
engines.ȱInȱpracticeȱoperationȱinȱSIȱmodeȱrequiresȱequivalenceȱratioȱofȱ0.6Ȭ0.65ȱorȱgreaterȱ
(Flynnȱetȱal.ȱ2000),ȱwhichȱisȱhighȱenoughȱtoȱdamageȱtheȱengineȱifȱthermalȱautoȱignitionȱ
orȱknockȱoccursȱduringȱtheȱtransition.ȱ

InsteadȱofȱattemptingȱtoȱstartȱtheȱengineȱinȱSIȱmodeȱandȱtransitionȱtoȱHCCIȱmode,ȱaȱ
brandȱnewȱapproachȱisȱused:ȱstartȱtheȱengineȱdirectlyȱinȱHCCIȱmodeȱbyȱpreheatingȱtheȱ
intakeȱwithȱaȱgasȱfiredȱburner.ȱThisȱwasȱeasyȱtoȱimplementȱbyȱaddingȱaȱburnerȱtoȱtheȱ
preheater.ȱTheȱburnerȱisȱrunȱforȱaȱperiodȱofȱtimeȱ(30ȱminutes)ȱuntilȱtheȱpreheaterȱreachesȱ
aȱhighȱtemperatureȱ(300°ȱC).ȱAtȱthisȱcondition,ȱrunningȱtheȱintakeȱchargeȱthroughȱtheȱ
preheaterȱwhileȱsimultaneouslyȱspinningȱtheȱengineȱwithȱanȱairȱstarterȱisȱenoughȱtoȱ
achieveȱHCCIȱignition.ȱAfterȱignition,ȱcombustionȱisȱselfȬsustainingȱandȱtheȱburnerȱcanȱ
beȱturnedȱoff,ȱasȱtheȱintakeȱgasesȱareȱheatedȱbyȱtheȱhotȱexhaust.ȱTheȱburnerȱisȱaȱsourceȱofȱ
emissionsȱandȱaȱconsumerȱofȱfuel,ȱandȱasȱsuchȱinȱaȱpracticalȱdeploymentȱofȱanȱHCCIȱ
engineȱforȱstationaryȱpowerȱgenerationȱthisȱwouldȱhaveȱtoȱbeȱconsideredȱasȱaȱ
contributorȱtoȱtheȱoverallȱsystemȱemissionsȱandȱfuelȱconsumption.ȱ

3.5.2. Fueling system 
Theȱfuelingȱsystemȱpresentsȱseveralȱchallenges,ȱbecauseȱHCCIȱcombustionȱisȱextremelyȱ
sensitiveȱtoȱequivalenceȱratio.ȱJustȱaȱfewȱcyclesȱofȱHCCIȱcombustionȱatȱhighȱequivalenceȱ
ratioȱ(I>0.5)ȱareȱenoughȱtoȱcauseȱphysicalȱdamageȱtoȱtheȱengine.ȱTherefore,ȱtheȱfuelingȱ
systemȱhasȱtoȱguaranteeȱthatȱnoȱequivalenceȱratioȱexcursionsȱwillȱoccurȱbeyondȱaȱ“safe”ȱ
equivalenceȱratioȱ(I~0.45)ȱunderȱanyȱcircumstances.ȱItȱmayȱalsoȱbeȱdesirableȱtoȱrunȱatȱ
lowȱequivalenceȱratioȱforȱlowȱloadȱoperation.ȱ

Theseȱdifficultȱrequirementsȱwereȱmetȱwithȱaȱnovelȱsolution:ȱtheȱstockȱcarburetorȱtunedȱ
forȱnaturalȱgasȱwasȱreplacedȱwithȱaȱcarburetorȱtunedȱforȱliquidȱpetroleumȱgasȱ(LPG).ȱ
ConsideringȱthatȱtheȱaverageȱcompositionȱofȱnaturalȱgasȱisȱapproximatelyȱC1.2H3.5ȱandȱ
theȱaverageȱcompositionȱofȱLPGȱisȱC3.5H8.5,ȱaȱcarburetorȱtunedȱforȱoperatingȱatȱ
equivalenceȱratioȱ0.9ȱonȱLPGȱwillȱrunȱatȱI~0.3Ȭ0.4ȱwhenȱfueledȱwithȱnaturalȱgas.ȱThisȱisȱ
idealȱforȱHCCI,ȱasȱtheȱcarburetorȱisȱquiteȱefficientȱatȱmaintainingȱtheȱestablishedȱ
equivalenceȱratio.ȱTheȱequivalenceȱratioȱisȱreducedȱbelowȱ0.4ȱwithȱanȱelectronicȱcontrolȱ
valveȱthatȱreducesȱtheȱpressureȱinȱtheȱnaturalȱgasȱlineȱ(Figureȱ20).ȱȱ
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Figure 20:Engine picture showing the fueling system components. 

Photo Credit: Lawrence Livermore National Laboratory 

ȱ

3.5.3. Control System 
Itȱisȱtypicallyȱconsideredȱthatȱcombustionȱcontrolȱisȱtheȱmostȱchallengingȱproblemȱforȱ
widespreadȱcommercializationȱofȱHCCIȱengines.ȱTheȱHCCIȱprocessȱgivesȱupȱtwoȱ
importantȱcontrolȱaspects:ȱ(1)ȱtheȱtimingȱofȱtheȱstartȱofȱignitionȱisȱnotȱdirectlyȱcontrolledȱ
byȱanyȱexternalȱeventȱsuchȱasȱtheȱbeginningȱofȱinjectionȱinȱtheȱstandardȱdieselȱengineȱorȱ
theȱsparkingȱofȱtheȱsparkȱplugȱinȱtheȱSIȱengine,ȱandȱ(2)ȱtheȱheatȱreleaseȱrateȱisȱnotȱ
controlledȱbyȱeitherȱtheȱrateȱandȱdurationȱofȱtheȱfuelȱinjectionȱprocessȱasȱinȱtheȱdieselȱ
engineȱorȱbyȱtheȱfiniteȱturbulentȱflameȱpropagationȱtimeȱinȱtheȱSIȱengine.ȱInstead,ȱHCCIȱ
ignitionȱisȱdeterminedȱbyȱtheȱchargeȱmixtureȱcompositionȱandȱitsȱtemperatureȱhistoryȱ
(andȱtoȱaȱlesserȱextent,ȱitsȱpressureȱhistory).ȱChangingȱtheȱpowerȱoutputȱofȱanȱHCCIȱ
engineȱrequiresȱaȱchangeȱinȱtheȱfuelingȱrateȱand,ȱhence,ȱtheȱchargeȱmixture.ȱAsȱaȱresult,ȱ
theȱtemperatureȱhistoryȱmustȱbeȱadjustedȱtoȱmaintainȱproperȱcombustionȱtiming.ȱ
Similarly,ȱchangingȱtheȱengineȱspeedȱchangesȱtheȱamountȱofȱtimeȱforȱtheȱautoȱignitionȱ
chemistryȱtoȱoccurȱrelativeȱtoȱtheȱpistonȱmotion.ȱAgain,ȱtheȱtemperatureȱhistoryȱofȱtheȱ
mixtureȱmustȱbeȱadjustedȱtoȱcompensate.ȱTheseȱcontrolȱissuesȱbecomeȱparticularlyȱ
challengingȱduringȱrapidȱtransients.ȱ
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MultiȬcylinderȱenginesȱposeȱanȱadditionalȱchallenge,ȱsinceȱthereȱareȱalwaysȱsmallȱ
cylinderȱtoȱcylinderȱdifferencesȱinȱchargeȱpressureȱandȱtemperatureȱatȱintakeȱvalveȱ
closing,ȱdueȱtoȱdifferencesȱinȱvolumetricȱefficiencyȱorȱcoolantȱtemperature.ȱInȱadditionȱtoȱ
this,ȱthereȱmayȱbeȱdifferencesȱinȱcompressionȱratioȱbetweenȱcylindersȱdueȱtoȱgeometricȱ
tolerances.ȱTheseȱdifferencesȱareȱsmallȱenoughȱtoȱbeȱnegligibleȱinȱSIȱandȱdieselȱengines.ȱ
However,ȱHCCIȱcombustionȱisȱcontrolledȱbyȱthermalȱautoignition,ȱandȱisȱextremelyȱ
sensitiveȱtoȱtemperature.ȱAȱveryȱsmallȱtemperatureȱdifferenceȱcanȱresultȱinȱaȱ
considerableȱdifferenceȱinȱignitionȱtiming.ȱItȱisȱthereforeȱnecessaryȱtoȱdevelopȱaȱ
controllerȱthatȱcanȱdetectȱcylinderȱtoȱcylinderȱdifferencesȱinȱignitionȱtimingȱandȱadjustȱ
conditionsȱinȱtheȱindividualȱcylindersȱsoȱthatȱoptimumȱcombustionȱtimingȱcanȱbeȱ
achievedȱinȱallȱcylindersȱunderȱallȱoperatingȱconditions.ȱȱ

Severalȱpotentialȱcontrolȱmethodsȱhaveȱbeenȱproposedȱtoȱprovideȱtheȱcompensationȱ
requiredȱforȱchangesȱinȱspeedȱandȱload.ȱTheseȱincludeȱvaryingȱtheȱamountȱofȱhotȱEGRȱ
introducedȱintoȱtheȱincomingȱcharge,ȱusingȱaȱfuelȱadditiveȱtoȱenhanceȱignition,ȱusingȱaȱ
variableȱcompressionȱratioȱ(VCR)ȱmechanismȱtoȱalterȱTDCȱtemperatures,ȱandȱusingȱ
variableȱvalveȱtimingȱ(VVT)ȱtoȱchangeȱtheȱeffectiveȱcompressionȱratioȱand/orȱtheȱamountȱ
ofȱhotȱresidualȱretainedȱinȱtheȱcylinder.ȱVVTȱappearsȱmostȱpromisingȱforȱtransportationȱ
applications,ȱbecauseȱitsȱtimeȱresponseȱcouldȱbeȱmadeȱsufficientlyȱfastȱtoȱhandleȱrapidȱ
transients.ȱȱ

Forȱstationaryȱapplications,ȱHCCIȱcombustionȱcontrolȱisȱnotȱnearlyȱasȱchallenging,ȱ
becauseȱaȱstationaryȱengineȱrunsȱpredominantlyȱatȱaȱconstantȱspeedȱandȱtheȱloadȱ
changesȱrelativelyȱslowly.ȱUnderȱtheseȱconditions,ȱcombustionȱcontrolȱbecomesȱmuchȱ
moreȱtractable,ȱandȱcanȱbeȱaccomplishedȱwithoutȱadvancedȱengineȱtechnologyȱsuchȱasȱ
VVTȱorȱVCR.ȱInȱthisȱapplication,ȱcombustionȱcontrolȱisȱachievedȱbyȱblendingȱhotȱandȱ
coldȱintakeȱwithȱcontrolȱvalves.ȱThisȱcontrolȱsystemȱhasȱtheȱadditionalȱadvantageȱofȱ
beingȱableȱtoȱindependentlyȱregulateȱtheȱintakeȱtemperatureȱofȱeachȱcylinder,ȱtoȱobtainȱ
optimumȱignitionȱtimingȱinȱallȱcylindersȱ(Figureȱ21).ȱȱ
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Figure 21: Dual manifold intake system allows for controlling intake temperature on a 

cylinder-by-cylinder basis 
Photo Credit: Lawrence Livermore National Laboratory 
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3.5.4. Engine Operation 
TheȱengineȱwasȱsuccessfullyȱrunȱinȱHCCIȱmode,ȱevenȱwithoutȱtheȱsuperchargerȱandȱ
withoutȱtheȱcomputerizedȱcontroller.ȱWhileȱclosedȱloopȱfeedbackȱcontrolȱoffersȱtheȱ
greatestȱflexibility,ȱcylinderȱpressureȱbalancingȱcanȱbeȱachievedȱbyȱpassiveȱtuningȱofȱ
cylinderȬbyȬcylinderȱmixingȱvalves.ȱFigureȱ22ȱshowsȱinȬcylinderȱpressureȱtracesȱforȱ
engineȱoperationȱwithȱnoȱcylinderȬbyȱcylinderȬbalancing,ȱallȱcylindersȱreceivingȱfuelȬairȱ
mixtureȱonlyȱfromȱtheȱhotȱreservoir.ȱClearly,ȱtheȱcombustionȱphasingȱisȱnotȱwellȱ
matchedȱforȱallȱcylinders.ȱThisȱimbalanceȱcanȱleadȱtoȱundesirableȱoccurrences,ȱsuchȱasȱ
greaterȱpropensityȱforȱmisfireȱofȱlaterȱfiringȱcylindersȱwhenȱaȱsmallȱchangeȱinȱintakeȱ
parametersȱoccurs,ȱsuchȱasȱslightȱvariationȱinȱloadȱorȱoutsideȱairȱtemperature.ȱ
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Figure 22: Pressure versus crank angle for each cylinder during initial HCCI 
operation with new intake manifold, but no attempt to compensate for cylinder-by-
cylinder variations. 

ȱ

3.6. Design Integration and Review 
Becauseȱofȱtheȱiterativeȱnatureȱofȱtheȱdesignȱprocess,ȱespeciallyȱinȱaȱresearchȱ
environment,ȱtheȱdevelopmentȱofȱtheȱfinalȱARICEȱengineȱdesignȱoverlapsȱsignificantlyȱ
withȱtheȱimplementationȱeffortsȱdocumentedȱinȱsectionsȱ3.5ȱandȱ3.7.ȱFigureȱ23ȱbelowȱ
showsȱtheȱbasisȱforȱtheȱARICEȱHCCIȱengineȱdesignȱdeveloped,ȱfollowingȱalongȱtheȱlinesȱ
ofȱtheȱthermalȱcontrolȱsystemȱlayoutsȱshownȱoutȱinȱFigureȱ10ȱandȱFigureȱ17.ȱNearlyȱ
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everyȱsystemȱonȱtheȱengineȬgeneratorȱsetȱhadȱtoȱbeȱmodifiedȱinȱsomeȱwayȱtoȱimplementȱ
theȱdesign.ȱEachȱofȱtheȱmodifiedȱcomponentsȱrequiredȱaȱsignificantȱengineeringȱdesignȱ
process,ȱasȱwellȱasȱimplementationȱofȱtheȱdesignsȱbyȱfabrication,ȱmodification,ȱandȱ
installation.ȱManyȱofȱtheseȱdesignsȱwereȱquiteȱcomplex,ȱandȱrequiredȱmultipleȱiterationsȱ
toȱrealizeȱtheȱfinalȱdesign.ȱ
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Figure 23: ARICE HCCI Engine schematic showing implementation of the thermal 
combustion management system. 

ȱ

TheȱdevelopmentȱofȱtheȱARICEȱengineȱdesignȱforȱtheȱ6Ȭcylinderȱ14.6ȱLȱARICEȱHCCIȱ
engineȱresultedȱinȱtheȱthermalȱcombustionȱmanagementȱapproachȱforȱcontrollingȱ
combustionȱtimingȱshownȱinȱFigureȱ23.ȱManyȱsystemsȱwereȱaddedȱorȱmodifiedȱtoȱ
implementȱtheȱARICEȱengineȱdesign.ȱTheȱfollowingȱisȱaȱlistȱofȱtheȱmajorȱcomponentȱ
groupsȱthatȱhaveȱbeenȱaddedȱtoȱtheȱengineȱorȱsignificantlyȱmodifiedȱtoȱimplementȱthisȱ
design:ȱ

1. Fuelȱinductionȱ

2. Turbochargerȱȱ

3. Engineȱthrottleȱȱ

4. Supercharger,ȱsuperchargerȱdriveȱassemblyȱ

5. ExhaustȬtoȬintakeȬairȱheatȱexchangerȱandȱburnerȱpreheatȱsystemȱ

6. Intakeȱflowȱsystemȱ
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7. SplitȱintakeȬmanifoldȱcylinderȬbyȬcylinderȱcontrolȱȱ

8. Engineȱcombustionȱchamberȱ

9. Engineȱcoolingȱwaterȱmanagementȱ

10. Engineȱstarterȱ

11. Generatorȱloadȱdissipationȱ(loadȱbankȱconnection)ȱ

12. Exhaustȱmanifoldȱandȱexhaustȱflowȱsystemȱ

13. OnȬboardȱcontrollerȱ

14. Instrumentationȱ

15. DataȬacquisitionȱandȱcontrolȱhardwareȱandȱsoftwareȱ

Theȱdesignȱandȱimplementationȱofȱtheseȱvariousȱsystemsȱwillȱbeȱdescribedȱinȱmoreȱ
detailȱinȱsectionȱ3.7.ȱ

ȱ

3.7. Implement ARICE Design on Multi-cylinder HCCI Engine 
ThisȱsectionȱdescribesȱimplementingȱtheȱARICEȱHCCIȱEngineȱdesignȱdevelopedȱandȱ
testingȱtheȱredesignedȱengine.ȱFollowing,ȱbrieflyȱsummarizedȱisȱtheȱworkȱsupportingȱ
thisȱtaskȱonȱtheseȱvariousȱcomponentȱgroups.ȱSpecificȱcomponentȱdesignȱworkȱ
presentedȱinȱthisȱsectionȱdoesȱoverlapȱwithȱdesignȱactivitiesȱofȱsectionȱ3.6.ȱThen,ȱ
experimentalȱtestingȱeffortsȱwillȱbeȱdescribed.ȱ

3.7.1. Design Implementation 
Fuel Induction 
Asȱdescribedȱearlierȱ(sectionȱ3.5.2),ȱtheȱfuelȱinductionȱsystemȱ(Figureȱ24)ȱwasȱ
significantlyȱreengineeredȱandȱmodifiedȱtoȱallowȱforȱimplementationȱofȱanȱactiveȱ
feedbackȱcontrolȱthatȱwouldȱyieldȱtheȱfuelȬairȱratiosȱneededȱforȱHCCIȱoperation.ȱAfterȱ
extensiveȱresearchȱandȱdeliberationȱaȱsolutionȱwasȱdevelopedȱthatȱwouldȱallowȱforȱ
accurateȱfeedbackȱcontrolȱofȱfuelȬairȱratio.ȱThisȱdesignȱinvolvedȱcontrollingȱfuelȱpressureȱ
suppliedȱtoȱaȱmodifiedȱnaturalȬgasȱcarburetor.ȱTheȱstockȱnaturalȱgasȱcarburetorȱwasȱ
modifiedȱwithȱaȱnewȱsmallerȱorificeȱtoȱrestrictȱtheȱmaximumȱfuelȬairȱequivalenceȱratioȱtoȱ
0.4,ȱwhichȱisȱtheȱupperȱlimitȱofȱsafeȱHCCIȱoperationȱbutȱbelowȱflammabilityȱlimitsȱforȱ
theȱfuelȬairȱmixture.ȱTheȱfuelȱpressureȱtoȱtheȱcarburetorȱwasȱregulatedȱusingȱaȱcustomȱ
electronicȱcontrolȱvalveȱprovidedȱbyȱContinentalȱControlsȱofȱSanȱDiego,ȱCA.ȱThisȱvalveȱ
allowedȱregulationȱofȱtheȱfuelȱpressureȱsuppliedȱtoȱtheȱcarburetorȱbasedȱonȱaȱsignalȱfromȱ
theȱdataȱacquisitionȱandȱcontrolȱcomputer.ȱTheȱfuelȱsupplyȱregulatorȱandȱfuelȱcutoffȱ
switchȱwereȱalsoȱmodifiedȱtoȱimplementȱthisȱdesign.ȱ
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Figure 24: The natural gas carburetor (rugged and low cost) maintains ultra-lean 
equivalence ratio 
Photo Credit: Lawrence Livermore National Laboratory 

Turbocharger 
Theȱturbochargerȱrequiredȱseveralȱmodifications.ȱPressureȱandȱtemperatureȱ
instrumentationȱwereȱaddedȱtoȱtheȱcompressorȱoutletȱandȱturbineȱinlet.ȱTheȱintakeȱportsȱ
wereȱmodifiedȱandȱredirectedȱsoȱthatȱtheyȱcouldȱreceiveȱtheȱnewȱductingȱdesign.ȱTheȱ
turbineȱwastegateȱcontrolȱportȱwasȱreconfigured,ȱandȱwasteȱgateȱsettingȱadjusted.ȱTheȱ
oilȱlinesȱtoȱtheȱturbineȱalsoȱhadȱtoȱbeȱrerouted.ȱLastly,ȱtheȱcoolingȱwaterȱflowingȱtoȱtheȱ
turbineȱhadȱtoȱbeȱdisabledȱbecauseȱitȱsignificantlyȱreducedȱexhaustȱenthalpyȱneededȱforȱ
theȱthermalȱcontrolȱsystem.ȱ

Engine Throttle 
AȱWoodwardȱEngineȱthrottleȱcontrolȱwasȱusedȱtoȱsetȱtheȱoverallȱflowȱthroughȱtheȱ
engine.ȱTheȱlocationȱofȱthisȱthrottleȱisȱcriticalȱtoȱtheȱengineȱstability,ȱandȱitȱwasȱ
determinedȱthatȱitȱhadȱtoȱbeȱlocatedȱdownstreamȱofȱtheȱturbocharger’sȱcompressorȱ
outletȱandȱwastegateȱportȱinȱtheȱintakeȱsystemȱ(toȱenableȱwasteȱgateȱspeedȱcontrolȱforȱ
theȱturbocharger),ȱbutȱupstreamȱofȱtheȱsuperchargerȱ(toȱpreventȱsuperchargerȱsurge).ȱItȱ
alsoȱwasȱalsoȱnecessaryȱtoȱremoveȱtheȱthrottleȱfromȱtheȱengineȱcontrolȱloopȱandȱdirectlyȱ
controlȱtheȱthrottleȱwithȱtheȱdataȱacquisitionȱandȱcontrolȱsystem.ȱ

Supercharger 
TheȱsuperchargerȱwasȱselectedȱasȱtheȱbestȱoffȬtheȬshelfȱsolutionȱtoȱmeetingȱtheȱARICEȱ
HCCIȱengineȱboostȱrequirements.ȱAfterȱextensiveȱanalysisȱandȱconsultation,ȱVortechȱ
EngineeringȱofȱChannelȱIslands,ȱCA,ȱwasȱidentifiedȱtoȱprovideȱaȱcustomȱsuperchargerȱ
thatȱprovidesȱ3:1ȱpressureȱboost.ȱInȱconcertȱwithȱtheȱturbocharger,ȱtheȱcombinedȱboostȱ
systemȱcouldȱprovideȱasȱmuchȱasȱ4ȱbarȱintakeȱmanifoldȱpressureȱtoȱtheȱengine,ȱrequiredȱ
toȱmeetȱtheȱpowerȱoutputȱtargets.ȱTheȱsuperchargerȱmountingȱonȱtheȱengineȱwasȱcriticalȱ
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forȱstableȱsafeȱoperation,ȱasȱtheȱbracketȱhadȱtoȱsupportȱtheȱloadsȱonȱtheȱsuperchargerȱ
whileȱavoidingȱvibrationȱ(superchargerȱcompressorȱrotatesȱatȱ55,000ȱrpm).ȱEngineeringȱ
analysisȱandȱdesignȱofȱtheȱsuperchargerȱmountingȱbracketȱwasȱconducted,ȱthenȱthisȱ
engineeredȱbracketȱwasȱfabricatedȱbyȱanȱoutsideȱshop.ȱ

Toȱdriveȱtheȱsuperchargerȱ(Figureȱ25),ȱtheȱapproachȱchosenȱwasȱcouplingȱtheȱ
superchargerȱdirectlyȱtoȱtheȱengineȱcrankshaft.ȱAȱbeltȱdriveȱsystemȱselectedȱwasȱ
selected,ȱutilizingȱaȱpreexistingȱdriveȱpulleyȱpresentȱonȱtheȱengineȱ(originallyȱusedȱtoȱ
driveȱaȱlargeȱfanȱforȱtheȱengineȱradiator).ȱTheȱbeltȱdriveȱsystemȱneededȱtoȱtransferȱupȱtoȱ
100ȱkWȱfromȱtheȱengineȱcrankshaftȱtoȱtheȱsupercharger,ȱwhichȱmeantȱthatȱallȱbeltsȱ
operateȱjustȱbelowȱmaximumȱoperatingȱspeedȱandȱload.ȱThisȱdesignȱinvolvedȱmanyȱ
iterations,ȱbutȱevolvedȱintoȱaȱtwoȬstepȱsystem,ȱwithȱtheȱfirstȱstepȱaȱvȬbeltȱdrive,ȱwhichȱ
transitionedȱtoȱaȱtimingȱbeltȱthatȱdroveȱtheȱsupercharger.ȱInȱtheseȱtwoȱsteps,ȱtheȱ
rotationalȱspeedȱofȱtheȱcrankȱshaftȱhadȱtoȱbeȱincreasedȱfromȱ1800ȱrpmȱtoȱ13,000ȱrpmȱatȱ
theȱsupercharger.ȱAȱcomplexȱvȬbeltȬsheave/timingȬbeltȬpulleyȱassemblyȱhadȱtoȱbeȱ
engineered.ȱAȱsophisticatedȱcouplingȱwasȱengineeredȱwithȱbearingȱsupportsȱtoȱ
withstandȱtheȱloads.ȱTheȱassemblyȱhadȱtoȱbeȱmanufactured,ȱbalanced,ȱinstalledȱandȱ
tested.ȱTestingȱshowedȱinitialȱmisalignment,ȱwhichȱhadȱtoȱbeȱcorrected.ȱOnceȱ
misalignmentȱwasȱcorrected,ȱfurtherȱtestingȱshowedȱmodificationsȱtoȱtheȱcouplingȱ
assemblyȱwereȱneeded.ȱThisȱwasȱtheȱtypicalȱiterativeȱengineeringȱandȱdesignȱprocessȱ
thatȱoneȱexpectsȱwhenȱdevelopingȱaȱdeviceȱthisȱcomplex,ȱbutȱitȱcannotȱbeȱstressedȱ
enoughȱtheȱsignificantȱeffortȱrequiredȱtoȱengineerȱtheȱentireȱsuperchargerȱassembly.ȱ
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Figure 25: The Supercharger Drive transmission was designed, fabricated, and installed 
on the 3406 engine.  
Photo Credit: Lawrence Livermore National Laboratory 

ȱ

Exhaust-to-intake-air heat exchanger and burner preheat system 
TheȱkeyȱtoȱtheȱthermalȱcontrolȱsystemȱisȱtheȱexhaustȬtoȬintakeȬairȱheatȱexchangerȱ(EIHX,ȱ
Figureȱ26).ȱTheȱEIHXȱisȱaȱlargeȱheatȱexchangerȱ(approxȱ1ȱmȱbyȱ1ȱmȱbyȱ0.6ȱm,ȱandȱ200ȱkg),ȱ
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originallyȱaȱrecuperatorȱforȱ500ȱkWȱclassȱgasȱturbineȱengine.ȱTwoȱlargeȱplenumsȱwereȱ
engineeredȱandȱbuiltȱtoȱallowȱforȱengineȱexhaustȱgasȱtoȱenterȱandȱexitȱtheȱheatȱexchangerȱ
effectively.ȱInȱaddition,ȱaȱburnerȱsystemȱwasȱdevelopedȱtoȱallowȱforȱpreheatingȱtheȱ
EIHX.ȱThisȱburnerȱsystemȱrequiredȱtheȱdesignȱofȱaȱsecondaryȱvesselȱandȱanȱisolationȱ
valve.ȱTheȱisolationȱvalveȱwasȱnecessaryȱtoȱisolateȱtheȱburnerȱfromȱengineȱexhaustȱonceȱ
theȱengineȱwasȱstarted.ȱPreheatingȱtheȱburnerȱallowsȱforȱdirectȱstartupȱinȱHCCIȱmode,ȱ
whichȱwasȱdeemedȱsaferȱthanȱotherȱalternativesȱ(e.g.ȱstartȱinȱsparkȬignitedȱmode,ȱandȱ
transitionȱtoȱHCCI).ȱ
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Figure 26: Intake gasses are preheated by exchanging heat with exhaust gasses 
Photo Credit: Lawrence Livermore National Laboratory 

ȱ

Intake Flow System 
Extensiveȱeffortȱfocusedȱonȱcouplingȱtheȱintakeȱflowȱsystemȱtoȱtheȱmanyȱintakeȱsystemȱ
components,ȱrequiringȱapproximatelyȱseveralȱmetersȱofȱintakeȱductingȱandȱ
approximatelyȱ40ȱindividualȱpiecesȱofȱducting.ȱStainlessȱsteelȱtubingȱwasȱrequiredȱ
becauseȱofȱtheȱhighȱpressureȱenvironmentȱcontainingȱairȱandȱnaturalȱgasȱ(dueȱtoȱ
turbo/supercharging).ȱOffȬtheȬshelfȱtubingȱcomponentsȱwereȱusedȱasȱmuchȱasȱpossible,ȱ
andȱaȱmodularȱcouplingȱsystemȱwasȱdevelopedȱtoȱmakeȱrapidȱsystemȱmodificationsȱ
possible.ȱStill,ȱeveryȱpieceȱofȱpipeȱinȱtheȱintakeȱsystemȱwasȱuniqueȱandȱrequiredȱuniqueȱ
welds,ȱwithȱadditionalȱweldsȱforȱinstrumentation.ȱSpecialȱcouplingsȱhadȱtoȱbeȱadaptedȱ
toȱmatchȱtheȱinletsȱandȱoutletsȱofȱeachȱmajorȱsystemȱcomponentȱ(Turbocharger,ȱ
Supercharger,ȱThrottle,ȱEIHX,ȱafterȱcooler,ȱintakeȱmanifolds).ȱInȱaddition,ȱtheȱrouteȱofȱ
theȱpipingȱisȱcomplicated,ȱwithȱductingȱtravelingȱbackȬandȬforthȱalongȱtheȱengine.ȱThisȱ
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designȱaccommodatesȱtwoȱflowȱloops,ȱaȱhotȱloopȱ(throughȱtheȱEIHX)ȱandȱaȱcoldȱloopȱ
throughȱtheȱaftercooler,ȱandȱallȱhotȱloopȱtubingȱwasȱinsulatedȱwithȱhighȱtemperatureȱ
insulation.ȱ

Split Intake-Manifold Cylinder-By-Cylinder Control 
CylinderȬbyȬcylinderȱcontrolȱofȱtemperatureȱinȱtheȱengineȱwasȱaccomplishedȱbyȱusingȱ
twoȱseparateȱintakeȱmanifoldsȱ(Figureȱ21,ȱsectionȱ3.5.3ȱabove),ȱoneȱwithȱhotȱfuelȬairȱfromȱ
theȱEIHXȱandȱtheȱotherȱwithȱcoolȱfuelȬairȱfromȱtheȱafterȱcooler.ȱAȱmixingȱvalveȱdesignȱ
wasȱdevelopedȱandȱengineeredȱtoȱallowȱforȱpreciseȱmixingȱofȱhotȱandȱcoldȱairȱfromȱeachȱ
cylinder.ȱAfterȱtheȱconceptȱforȱtheȱmanifoldsȱandȱmixingȱvalveȱwereȱdeveloped,ȱtheȱtwoȱ
manifoldsȱwereȱdesignedȱandȱfabricated,ȱasȱmereȱtheȱmixingȱvalveȱassembliesȱforȱtheȱsixȱ
cylinders.ȱAnȱengineeredȱmountingȱplateȱtoȱcoupleȱintakeȱmanifoldȱsystemȱtoȱtheȱengineȱ
wasȱdesignedȱatȱLLNL,ȱthenȱfabricatedȱbyȱaȱcomputerȬnumericalȬcontrolȱmachineȱshop.ȱ
Thisȱsystemȱrepresentsȱaȱuniqueȱdesign,ȱandȱtheȱinstallationȱofȱtheȱmanifoldȱassemblyȱ
andȱintegrationȱofȱtheȱintakeȱflowȱsystemȱwasȱlengthyȱandȱinvolved,ȱrequiringȱonȬtheȬflyȱ
modificationsȱtoȱtheȱintakeȱmanifoldȱsystemȱandȱrelatedȱcomponents.ȱ

Theȱmixingȱvalvesȱareȱcomputerȱcontrolled.ȱAȱcontrolȱsystemȱbasedȱonȱLabview’sȱrealȬ
timeȱsoftwareȱisȱused.ȱThisȱsystemȱutilizesȱaȱdedicatedȱPCȱasȱtheȱtarget,ȱwhichȱallowsȱ
deterministicȱclosedȬloopȱcontrol.ȱControlȱalgorithmsȱcanȱthenȱbeȱeasilyȱdevelopedȱonȱaȱ
hostȱcomputerȱconnectedȱtoȱtheȱtargetȱPCȱviaȱanȱEthernetȱconnectionȱandȱdownloadedȱ
ontoȱtheȱtargetȱPCȱforȱimplementation.ȱTheȱcontrolȱalgorithmȱcomputesȱtheȱcombustionȱ
timingȱbasedȱonȱtheȱpressureȱsignalȱfromȱeachȱcylinder.ȱTheȱvalveȱpositionȱisȱthenȱ
scheduledȱbyȱtheȱcontrolȱalgorithmȱtoȱyieldȱtheȱdesiredȱcombustionȱtiming.ȱTheȱ
hardwareȱsideȱofȱthisȱcontrolȱsystemȱconsistsȱofȱanȱelectricȱmotorȱteamedȱwithȱaȱrotaryȱ
positionȱsensorȱperȱeachȱcylinderȱtoȱcontrolȱtheȱvalveȱposition.ȱTheȱcontrolȱsystemȱinputsȱ
consistȱofȱpressureȱsignalsȱfromȱeachȱcylinderȱinȱconjunctionȱwithȱtheȱoutputȱfromȱaȱ
crankshaftȱencoder.ȱTheȱelectricȱmotorsȱandȱsensorsȱnecessaryȱforȱactuationȱofȱtheȱvalvesȱ
haveȱbeenȱrecentlyȱpurchasedȱandȱareȱbeingȱinstalled.ȱThisȱwillȱallowȱtheȱdevelopmentȱ
andȱimplementationȱofȱefficientȱandȱrobustȱcontrolȱstrategiesȱonȱtheȱHCCIȱengine.ȱ

Engine combustion chamber 
Theȱengineȱcombustionȱchamberȱwasȱmodifiedȱinȱtwoȱways.ȱFirst,ȱtheȱoriginalȱpistonsȱ
wereȱremovedȱandȱreplacedȱwithȱhigherȱcompressionȱratioȱpistons.ȱHigherȱcompressionȱ
ratioȱpistonsȱ(16:1ȱrelativeȱtoȱtheȱoriginalȱ10:1)ȱwereȱessentialȱtoȱachievingȱHCCIȱ
combustionȱwithȱnaturalȱgas.ȱSecond,ȱtheȱfuelȱinjector/sparkȱplugȱholeȱwasȱmodifiedȱtoȱ
accommodateȱinȬcylinderȱpressureȱtransducers.ȱTheȱinȬcylinderȱpressureȱtransducersȱ
wereȱusedȱtoȱmonitorȱcombustionȱandȱinȱtheȱfeedbackȱforȱcombustionȱcontrol.ȱ

Engine cooling water management 
StableȱwaterȱtemperatureȱisȱveryȱimportantȱtoȱachievingȱconsistentȱHCCIȱcombustion.ȱ
TheȱoriginalȱairȬtoȬwaterȱradiatorȱandȱthermostatȱarrangementȱcouldȱnotȱmaintainȱ
engineȱcoolingȱwaterȱtoȱwithinȱacceptableȱbounds.ȱTheȱradiatorȱsystemȱwasȱreplacedȱ
withȱanȱengineȬcoolingȬwaterȱtoȱlowȬconductivityȬwaterȱ(LCW)ȱheatȱexchangerȱ(Figureȱ
27).ȱTheȱengineȱwasȱmodifiedȱtoȱremoveȱtheȱgearȱdrivenȱwaterȱpumpsȱ(theȱengineȱhasȱ
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twoȱwaterȱpumps,ȱoneȱforȱtheȱaftercoolerȱcircuit,ȱoneȱforȱtheȱengineȱjacketȱcoolingȱ
water),ȱreplacingȱthemȱwithȱexternal,ȱelectricallyȱdrivenȱpumps.ȱTheȱexternalȱwaterȱ
plumbingȱwasȱcompletelyȱreconfigured,ȱincludingȱseveralȱmetersȱofȱnewȱpiping,ȱ
reservoirȱtanks,ȱreliefȱvalves,ȱpressureȱregulationȱvalves,ȱandȱtheȱtwoȱheatȱexchangers.ȱ
TemperatureȱcontrolȱvalvesȱadjustȱLCWȱflowȱtoȱregulateȱheatȱexchangeȱfromȱengineȱ
jacketȱwaterȱtoȱLCW.ȱThisȱconfigurationȱallowedȱforȱtheȱengineȱjacketȱwaterȱtoȱbeȱ
circulatedȱandȱpreheatedȱpriorȱtoȱstartingȱtheȱengine,ȱusingȱanȱelectricalȱpreheaterȱ
installedȱinȱtheȱwaterȱsystem.ȱ

Jacket Water 
to LCW HX

Electric 
Water Pump

Electric Jacket 
Water Heater

EngineEngine

 
Figure 27: Independent jacket water circulation system allows for preheating jacket 
water, engine block, and assists HCCI startup 
Photo Credit: Lawrence Livermore National Laboratory 

ȱ

Engine starter 
StartingȱtheȱengineȱinȱHCCIȱmodeȱcan,ȱunderȱsomeȱcircumstances,ȱrequireȱtheȱabilityȱtoȱ
rotateȱtheȱengineȱforȱ60ȱsecondsȱorȱmoreȱbeforeȱcombustionȱstarts.ȱTheȱconventionalȱ
electricȱstarterȱonȱtheȱengineȱisȱinadequateȱforȱthisȱtask;ȱelectricalȱstartersȱcanȱfailȱifȱ
turningȱtheȱengineȱforȱlongerȱthanȱ20Ȭ30ȱseconds.ȱAnȱairȬdrivenȱpneumaticȱstarterȱcanȱbeȱ
engagedȱforȱ60ȱsecondsȱorȱmoreȱwithoutȱissue,ȱandȱoneȱwasȱprocuredȱandȱinstalledȱonȱ
theȱengine.ȱToȱdriveȱtheȱstarter,ȱaȱhighȬcapacityȱ90ȱpsiȱairȱsystemȱwasȱaccessed,ȱandȱranȱ
highȱpressureȱpipingȱtoȱtheȱstarter.ȱThisȱarrangementȱallowsȱforȱcontinuousȱoperationȱofȱ
theȱairȱstartȱsystem.ȱToȱcontrolȱtheȱstarter,ȱanȱelectricallyȬcontrolledȱpressureȱswitchȱ
systemȱwasȱengineeredȱandȱimplemented.ȱ
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Generator load dissipation (load bank connection) 
Aȱresistiveȱloadȱbankȱwasȱusedȱtoȱdissipateȱelectricalȱpowerȱgeneratedȱbyȱtheȱengine’sȱ
generator.ȱTheȱgeneratorȱoutputȱwiringȱwasȱmodifiedȱtoȱconnectȱtoȱaȱhighȬvoltageȱcircuitȱ
breaker,ȱwhichȱinȱturnȱwasȱconnectedȱtoȱtheȱloadȱbankȱ(440ȱvoltsȱalternatingȱcurrentȱ
[VAC],ȱ60ȱHzȱ3ȱphase).ȱHighȱvoltageȱwiringȱrequiredȱaȱspecializedȱelectricianȱtoȱinstallȱ
andȱcertifyȱtheȱsystem.ȱ

Exhaust Manifold And Exhaust Flow System 
Theȱoriginalȱexhaustȱmanifoldȱwasȱwaterȱcooledȱandȱpresentedȱaȱsignificantȱsinkȱforȱ
thermalȱenergyȱfromȱtheȱexhaust.ȱCoolingȱwaterȱwasȱaccommodatedȱbyȱaȱdoubleȱ
jacketingȱonȱtheȱmanifold.ȱSeveralȱoptionsȱwereȱconsidered,ȱincludingȱmodifyingȱtheȱ
existingȱmanifold,ȱmakingȱaȱnew,ȱcustomized,ȱmanifold,ȱorȱpurchasingȱaȱnew,ȱoffȬtheȬ
shelf,ȱmanifold.ȱAfterȱreviewingȱallȱoptions,ȱmodifyingȱtheȱexistingȱmanifoldȱwasȱ
deemedȱtheȱbestȱapproach.ȱSeveralȱmodificationsȱwereȱmadeȱtoȱtheȱoriginalȱexhaustȱ
manifold.ȱFirst,ȱtheȱouterȱjacketȱofȱtheȱmanifoldȱwasȱpartiallyȱremoved.ȱTheȱwaterȱ
connectionsȱtoȱtheȱmanifoldȱwereȱrerouted.ȱSeveralȱportsȱwereȱalsoȱaddedȱtoȱtheȱ
manifoldȱtoȱaccommodateȱinstrumentation.ȱTheȱexhaustȱductingȱwasȱmodifiedȱtoȱallowȱ
forȱflowȱfromȱtheȱturbochargerȱturbineȱoutletȱtoȱtheȱEIHX.ȱExhaustȱfromȱtheȱEIHXȱwasȱ
thenȱroutedȱtoȱaȱMufflerȱandȱexhaustȱstack.ȱȱ

On-Board Controller 
TheȱengineȬgeneratorȬsetȱonboardȱcontrollerȱwasȱmodifiedȱextensively.ȱTheȱcontroller,ȱ
whichȱbeganȱasȱaȱsparkȬignitionȱengineȱcontroller,ȱwasȱmodifiedȱtoȱaccommodateȱ
externalȱcontrolȱofȱtheȱthrottleȱandȱstartupȱsystemȱforȱtheȱengine.ȱTheȱsafetyȱrelaysȱwereȱ
maintainedȱasȱwellȱasȱgeneratorȱcontrols.ȱSparkȬignitionȱcontrolsȱandȱradiatorȱsystemȱ
safetiesȱwereȱdisabled.ȱ

Instrumentation 
Aȱgreatȱdealȱofȱinstrumentationȱwasȱinstalledȱonȱtheȱengineȱforȱmonitoringȱandȱcontrol.ȱ
TheȱmostȱcriticalȱdiagnosticȱofȱcombustionȱwasȱtheȱinȬcylinderȱpressureȱtransducersȱandȱ
chargeȱamplifiers.ȱTheseȱpiezoelectricȱpressureȱsensorsȱareȱcoupledȱtoȱanȱopticalȱcrankȱ
shaftȱencoder,ȱtoȱyieldȱpressureȱasȱaȱfunctionȱofȱtheȱcrankȬshaftȱpositionȱinȱtheȱengine.ȱ
Anotherȱcriticalȱcomponentȱwasȱtheȱcoriolisȱflowȱmeter,ȱwhichȱgivesȱhighlyȱaccurateȱ
measurementȱofȱnaturalȱgasȱmassȱflowȱrate.ȱThermocouplesȱwereȱinstalledȱthroughoutȱ
theȱengineȱsystem,ȱmeasuringȱwaterȱandȱintakeȱandȱexhaustȱsystemȱtemperaturesȱatȱ
variousȱlocations.ȱLowȬspeedȱpressureȱtransducersȱwereȱusedȱatȱvariousȱlocationsȱtoȱ
determineȱintakeȱandȱexhaustȱsystemȱpressure.ȱInstrumentationȱforȱdeterminingȱexhaustȱ
gasȱcompositionȱandȱcombustionȱefficiencyȱwasȱalsoȱinstalled.ȱ

Data-Acquisition and Control Hardware and Software 
Theȱdataȱacquisitionȱsystemȱ(Figureȱ28)ȱconsistedȱofȱtwoȱsystems,ȱaȱhighȱspeedȱdataȱ
acquisitionȱsystemȱforȱinȬcylinderȱpressure,ȱandȱaȱlowȱspeedȱsystemȱforȱallȱotherȱ
measurementsȱ(temperature,ȱintakeȱandȱexhaustȱpressure,ȱfuelȱflow,ȱrpm,ȱetc).ȱ
CustomizedȱlowȬspeedȱdataȬacquisitionȱsoftwareȱwasȱdevelopedȱbasedȱonȱLabview,ȱandȱ
associatedȱhardwareȱwasȱselected.ȱTheȱlowȱspeedȱdataȱacquisitionȱsoftwareȱandȱ
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hardwareȱwasȱusedȱtoȱimplementȱcontrolȱofȱRPMȱwithȱbothȱtheȱthrottleȱvalveȱandȱtheȱ
fuelȱflowȱvalve.ȱTheȱendȱresultȱsoftwareȱandȱhardwareȱareȱquiteȱsophisticatedȱandȱ
flexibleȱforȱHCCIȱengineȱgeneratorȱspeedȱandȱloadȱcontrol.ȱȱ

 
Figure 28: Flexible Data acquisition and control hardware and software system 
Photo Credit: Lawrence Livermore National Laboratory 

ȱ

3.7.2. Engine Testing 
Startup in HCCI mode 
AȱsafeȱandȱreliableȱstrategyȱforȱstartupȱinȱHCCIȱmodeȱhasȱbeenȱdeveloped.ȱThisȱstrategyȱ
involvesȱfirstȱpreheatingȱtheȱheatȱexchangerȱwithȱtheȱexternalȱburner.ȱOnceȱtheȱheatȱ
exchangerȱ(EIHX)ȱisȱsufficientlyȱpreheated,ȱstartupȱisȱachievedȱusingȱtheȱclosedȱloopȱ
engineȱcontrolȱsystem.ȱThisȱsystemȱengagesȱtheȱstarterȱandȱspinsȱtheȱengine.ȱOnceȱtheȱ
engineȱreachesȱstartupȱspeed,ȱtheȱfuelȱsolenoidȱisȱopenedȱandȱfuelȱandȱairȱflowȱtoȱtheȱ
engine.ȱTheȱfuelȱandȱairȱmixtureȱisȱdrawnȱthroughȱtheȱheatȱexchangerȱandȱpreheatedȱ
fuelȱandȱairȱmixtureȱisȱinductedȱintoȱtheȱcylinder.ȱTheȱpreheatedȱfuelȱandȱairȱbeginsȱtoȱ
undergoȱHCCIȱcombustionȱafterȱaȱfewȱcycles.ȱOnceȱignitionȱisȱachievedȱtheȱengineȱ
controlȱthrottleȱbeginsȱtoȱopenȱtoȱbringȱtheȱengineȱupȱtoȱoperatingȱspeed.ȱFigureȱ29ȱ
showsȱaȱstartupȱengineȱspeedȱtrace.ȱBecauseȱofȱtheȱhighȱcompressionȱratio,ȱstartingȱinȱ
HCCIȱmodeȱisȱaȱsafeȱmeansȱofȱstartup,ȱasȱopposedȱtoȱstartingȱinȱsparkȬignitionȱandȱ
transitioningȱtoȱHCCI.ȱToȱstartȱinȱSIȱmodeȱaȱnearȬstoichiometricȱfuelȱairȱmixtureȱwouldȱ
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beȱrequiredȱalongȱwithȱlateȬphasedȱ(afterȱTDC)ȱsparkȱtimingȱtoȱpreventȱknock.ȱTheȱ
potentialȱexistsȱforȱpreignition:ȱstoichiometricȱknockȱatȱthisȱhighȱcompressionȱratioȱcouldȱ
causeȱgreatȱdamageȱtoȱtheȱengine.ȱStartupȱinȱHCCIȱmodeȱwillȱavoidȱthisȱpotentiallyȱ
damagingȱoperatingȱregime.ȱ
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Figure 29:Engine speed versus time for HCCI mode startup 

ȱ

HCCI engine operation with thermal control system 
Figureȱ30ȱshowsȱcylinderȱpressureȱtracesȱforȱinitialȱfiringȱofȱtheȱengineȱwithȱtheȱmodifiedȱ
manifoldȱinȱHCCIȱmode,ȱoperatedȱatȱ0.35ȱequivalenceȱratioȱandȱ1800ȱrpm.ȱForȱtheseȱ
operatingȱconditions,ȱnoȱattemptȱwasȱmadeȱtoȱbalanceȱtheȱcylinders,ȱbut,ȱevenȱso,ȱ
relativelyȱgoodȱbalanceȱinȱcombustionȱtimingȱisȱachievedȱwithȱtheȱmanifoldȱatȱbaseȱ
setting.ȱȱ
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Figure 30: Pressure versus crank angle for each cylinder during initial HCCI operation with 
new intake manifold 

ȱ

Balancing Cylinder-by-cylinder combustion timing 
Figureȱ31ȱshowsȱtheȱeffectȱofȱadjustingȱtheȱintakeȱtemperatureȱonȱtheȱHCCIȱengineȱusingȱ
theȱtemperatureȱcontrolȱmixingȱvalve.ȱCylinderȱ1ȱcombustionȱtimingȱisȱmuchȱearlierȱ
thanȱotherȱcylinders.ȱTheȱmixingȱvalveȱisȱadjustedȱtoȱbringȱcylinderȱ1ȱintoȱlineȱwithȱtheȱ
otherȱcylinders.ȱ
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Figure 31: Combustion timing controlled by adjusting the balance of hot and cold flow on 
an individual cylinder 

ȱ

Figureȱ32ȱshowsȱpressureȱtracesȱforȱtheȱengineȱoperatedȱwithȱtheȱmixingȱvalvesȱadjustedȱ
toȱachieveȱbalancedȱoperationȱofȱtheȱengine,ȱatȱ1800ȱrpmȱandȱ40ȱkWȱinȱnaturallyȱ
aspiratedȱoperation.ȱThisȱresultȱprovesȱtheȱviabilityȱofȱtheȱchosenȱthermalȱmanagementȱ
approachȱforȱHCCIȱengineȱcontrol.ȱ
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Figure 32: Pressure traces for steady state operation of the generator set at 40kW and 
1800 RPM naturally aspirated 
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Incomplete Activities 
OperationȱofȱtheȱengineȱinȱHCCIȱmodeȱatȱtheȱratedȱoperatingȱpointȱhasȱnotȱbeenȱ
achieved.ȱWhileȱsignificantȱprogressȱwasȱmadeȱtowardsȱimplementationȱofȱtheȱfinalȱ
design,ȱsetbacksȱpreventedȱcompletingȱtheȱdesignȱtoȱbeȱableȱtoȱachieveȱfullȱloadȱ
operation.ȱTheȱmainȱissueȱisȱthatȱtheȱchangesȱtoȱtheȱengineȱwereȱfarȱmoreȱextensiveȱthanȱ
originallyȱplannedȱfor,ȱthusȱaȱgreatȱdealȱmoreȱtime,ȱeffort,ȱandȱmaterialsȱwereȱrequiredȱ
thanȱwereȱavailableȱtoȱus.ȱStill,ȱtheȱengineȱgeneratorȱsetȱdesignȱhasȱmadeȱsignificantȱ
progressȱtowardsȱfullȱimplementationȱandȱisȱnearȱcompletion.ȱ

ȱ

3.8. 1000 Hours Operation of HCCI ARICE Multi-cylinder 
Engine 

BecauseȱtheȱimplementationȱofȱtheȱfinalȱARICEȱdesignȱandȱtestingȱofȱoperatingȱinȱHCCIȱ
modeȱatȱARICEȱratedȱoperatingȱpointȱwasȱnotȱcompleted,ȱtheȱ1000ȱhoursȱofȱoperationȱofȱ
theȱHCCIȱARICEȱMultiȬcylinderȱEngineȱwasȱnotȱcompleted.ȱ

3.9. Technology Transfer Activities 
Formalȱandȱinformalȱtechnologyȱtransferȱactivitiesȱwereȱconductedȱthroughoutȱthisȱ
program.ȱFormalȱactivitiesȱincludeȱtheȱpreparationȱofȱthreeȱtechnicalȱpapersȱpresentedȱatȱ
TechnicalȱMeetingsȱofȱtheȱAmericanȱSocietyȱofȱMechanicalȱEngineers,ȱbasedȱdirectlyȱonȱ
theȱworkȱforȱthisȱproject.ȱTechnicalȱpresentationsȱofȱthisȱworkȱwereȱalsoȱmadeȱatȱtheȱ1stȱ
andȱ2ndȱAnnualȱAdvancedȱStationaryȱReciprocatingȱEnginesȱConference,ȱsponsoredȱ
jointlyȱbyȱtheȱEnergyȱCommissionȱARICEȱProgramȱandȱtheȱUnitedȱStatesȱDepartmentȱofȱ
Energyȱ(U.S.ȱDOE)ȱAdvancedȱReciprocatingȱEngineȱSystemsȱ(ARES)ȱProgram.ȱInformalȱ
activitiesȱwereȱalsoȱconductedȱthroughoutȱthisȱproject.ȱTheseȱtookȱtheȱformȱofȱ
interactionsȱwithȱmembersȱofȱallȱmajorȱUSȱEngineȱManufacturersȱduringȱsiteȱvisits,ȱoffȬ
lineȱinteractionsȱatȱtechnicalȱmeetings,ȱphoneȱcalls,ȱandȱemailȱinteractions.ȱThisȱworkȱhasȱ
benefitedȱfromȱLLNLȱU.S.ȱDOEȱsponsoredȱHCCIȱcombustionȱR&Dȱthatȱinvolvesȱcloseȱ
collaborationȱwithȱmembersȱofȱtheȱengineȱmanufacturingȱindustry.ȱ
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ȱ

4.0 Conclusions and Recommendations  

4.1. Conclusions 
TheȱtechnicalȱapproachȱwasȱtoȱdevelopȱandȱoperateȱaȱCaterpillarȱ3406ȱnaturalȱgasȱengineȱ
convertedȱfromȱaȱsparkȱignitedȱengineȱintoȱanȱHCCIȱengine.ȱTheȱgoalȱofȱachievingȱtheȱ
ARICEȱperformanceȱtargets,ȱprimarilyȱaȱ200ȱkWȱengineȱwithȱ45%ȱbrakeȱthermalȱ
efficiencyȱandȱ0.015ȱg/bhpȬhrȱNOx,ȱhasȱnotȱyetȱbeenȱrealized.ȱHoweverȱprogressȱtowardsȱ
developmentȱofȱpracticalȱHCCIȱengineȱsystemȱforȱstationaryȱpowerȱgenerationȱhasȱbeenȱ
made.ȱAllȱmajorȱengineȱsystemsȱhadȱbeenȱmodifiedȱwithȱaȱviewȱtoȱobtainȱanȱHCCIȱ
engineȱsystem.ȱ

x Aȱthermalȱmanagementȱsystemȱwasȱdesignedȱandȱbuiltȱbasedȱonȱanalysis.ȱTheȱ
systemȱconsistsȱofȱaȱpreheaterȱandȱanȱintercoolerȱconnectedȱinȱparallel.ȱFreshȱ
chargeȱisȱcirculatedȱthroughȱeitherȱheatȱexchangerȱandȱthenȱblendedȱtoȱobtainȱ
appropriateȱcombustion.ȱThisȱsystemȱalsoȱallowsȱforȱcylinderȱbyȱcylinderȱcontrolȱ
ofȱintakeȱtemperature.ȱ

x TheȱengineȱisȱstartedȱinȱHCCIȱmodeȱbyȱrunningȱaȱnaturalȱgasȱfueledȱcombustorȱ
thatȱheatsȱtheȱpreheater.ȱTheȱintakeȱgasesȱareȱthenȱcirculatedȱthroughȱtheȱhotȱ
preheater,ȱreachingȱaȱhighȱenoughȱtemperatureȱforȱHCCIȱignitionȱtoȱoccur.ȱOnceȱ
combustionȱstarts,ȱitȱisȱselfȬsustaining,ȱandȱthereforeȱtheȱburnerȱcanȱbeȱturnedȱoffȱ
quicklyȱafterȱignition.ȱ

x Theȱfuelingȱsystemȱwasȱmodifiedȱbyȱreplacingȱtheȱstockȱnaturalȱgasȱcarburetorȱ
byȱaȱcarburetorȱdesignedȱforȱliquidȱpetroleumȱgas.ȱThisȱchangeȱadjustsȱtheȱ
equivalenceȱratioȱtoȱtheȱvalueȱdesiredȱforȱHCCIȱcombustionȱ(I~0.4),ȱandȱ
eliminatesȱtheȱriskȱofȱoverȱfuelingȱthatȱmayȱdamageȱtheȱengine.ȱ

x Selectionȱofȱaȱturbochargerȱcausedȱproblems,ȱasȱtheȱlowȱtemperatureȱexhaustȱinȱ
HCCIȱenginesȱmakesȱcommerciallyȱavailableȱturbochargersȱinappropriateȱforȱ
HCCIȱoperation.ȱInstead,ȱaȱsuperchargerȱwasȱselected,ȱatȱtheȱexpenseȱofȱreducedȱ
powerȱoutputȱandȱefficiency.ȱ

x AȱrealȬtimeȱoperationalȱcontrolȱsystemȱwasȱimplementedȱandȱallowedȱtheȱ
developmentȱofȱcontrolȱalgorithmsȱforȱHCCIȱengineȱcontrol.ȱTheȱcontrolȱsystemȱ
activatedȱblendingȱvalvesȱbetweenȱhotȱandȱcoldȱintakeȱstreamsȱtoȱobtainȱtheȱ
appropriateȱchargeȱtemperatureȱforȱoptimumȱignitionȱtimingȱinȱallȱcylinders.ȱ

x TheȱengineȱwasȱrunȱinȱHCCIȱmode.ȱGoodȱandȱconsistentȱcombustionȱtimingȱwasȱ
obtainedȱinȱallȱcylinders.ȱHighȱpowerȱoperationȱhadȱnotȱbeenȱpossibleȱbecauseȱ
onlyȱlimitedȱtestingȱwithȱtheȱsuperchargedȱengineȱhadȱbeenȱconducted.ȱTheȱ
engineȱdeliveredȱ50ȱkWȱwithȱatmosphericȱintake.ȱEfficiencyȱandȱpowerȱtargetsȱ
wereȱnotȱmetȱdueȱtoȱtheȱlackȱofȱanȱappropriateȱturbocharger.ȱ

ȱ
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4.2. Recommendations 
Progressȱhasȱbeenȱmadeȱinȱthisȱproject,ȱbutȱcompleteȱdevelopmentȱofȱanȱHCCIȱ
engineȱforȱstationaryȱpowerȱmeetingȱtheȱARICEȱperformanceȱtargetsȱhasȱnotȱ
beenȱachieved.ȱTheȱkeyȱremainingȱtasksȱare:ȱȱ

1. Completeȱinstallationȱofȱsoftwareȱandȱactuatorsȱforȱfullyȱautomatedȱ
engineȱcontrol,ȱ

2. Conductȱtestingȱofȱtheȱengineȱatȱfullȱloadȱoperation,ȱandȱ

3. Transitionȱtechnologyȱtoȱaȱmanufacturerȱorȱassemblerȱthroughȱ
partnershipȱandȱlicensing.ȱ

Inȱtheȱfuture,ȱtheȱengineȱwillȱbeȱusedȱasȱaȱfullyȱinstrumentedȱtestȱbedȱforȱ
performanceȱstudiesȱofȱHCCIȱcombustion.ȱThisȱHCCIȱengineȱisȱanȱidealȱtestȱbedȱ
forȱtestingȱcontrolȱsystemsȱforȱinexpensiveȱandȱrobustȱcombustionȱcontrolȱinȱ
multiȬcylinderȱengines.ȱFutureȱresearchȱcouldȱfocusȱfurtherȱonȱbasicȱresearchȱofȱ
HCCIȱcontrol.ȱVariousȱlinearȱandȱnonlinearȱcontrolȱmethodologiesȱcouldȱbeȱ
employedȱtoȱdevelopȱcontrolȱalgorithmsȱcapableȱtoȱprovideȱonlineȱoptimizationȱ
ofȱtheȱengineȱefficiencyȱandȱemissions.
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5.0 Glossary 
ȱ

Acronym Definition 

ARES Advanced Reciprocating Engine Systems 

ARICE Advanced Reciprocating Internal Combustion Engine 

ATDC After Top Dead Center 

bkW Brake-Kilowatt 

BTE Brake Thermal Efficiency 

C Celsius 

CI Compression Ignition 

CO Carbon Monoxide 

CPR Critical Project Review 

DC Direct Current 

DI Direct Injection 

EGR Exhaust Gas Recirculation 

EIHX Exhaust-to-Intake-Air Heat Exchanger 

EPAG Environmentally Preferred Advance Generation 

ETV Exhaust Throttle Valve 

g/bhp-hr grams/brake horse power hour 

HC Hydrocarbon 

HCCI Homogeneous Charge Compression Ignition 

HCS Hiltner Combustion Systems, LLC 

Hz Hertz 

kPa Kilopascal 

LLNL Lawrence Livermore National Laboratory 

mA Milliamp 

mm Millimeter 

ppm Parts per Million 

PI Proportional Plus Integral 

PID Proportional-Integral-Derivative 

PIER Public Interest Energy Research 
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Acronym Definition 

RD&D Research, Development, and Demonstration 

rpm Revolutions per Minute 

SCR Silicon-Controlled Rectifier 

SI Spark Ignited 

SOC Start of Combustion 

TDC Top-Dead-Center 

UCB University of California, Berkeley 

U.S. DOE United States Department of Energy 

VAC Volts Alternating Current 

VCR Variable Compression Ratio 

VDC Volts Direct Current 

VVT Variable Valve Timing 

CAT3401 Caterpillar 1-cylinder engine model 3401 

CAT3406 Caterpillar 6-cylinder engine model 3406 

 

 

 
Symbols: 

cp  specific heat at constant pressure, J kg -1 K-1 

cv specific heat at constant volume, J kg -1 K-1 

m�  mass flow rate, kg s-1 

p  pressure, Pa  

T temperature, K 

H Heat exchanger effectiveness��

I�� equivalence ratio  

J Specific heat ratio cp/cv  

Kc  combustion efficiency  

Kp  polytropic efficiency  

T  crank angle, degrees  

Subscripts 

i  intercooler 

min  minimum 

max  maximum 

h  heater 

w  water 
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Appendix A: WAVE Analysis of CAT 3406 HCCI Engine for ARICE 

Presentation by Ricardo Inc. summarizing the analysis of the ARICE engine breathing 
design. 
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Appendix B: HCCI-ARICE Natural Gas Engine Development for 

Stationary Power Applications in California 

Presentation by LLNL at 2nd Annual Advanced Stationary Reciprocating Engines Conference: 
Moving Forward in Low-Emissions and High-Efficiency Technologies. March 16, 2005, 
Diamond Bar, CA. 
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Appendix C: Thermal Management for 6-Cylinder HCCI Engine: 

Low Cost, High Efficiency, Ultra-Low NOx power Generation 

ASMEȱ Paperȱ ICEF2004Ȭ930:ȱ Presentedȱ atȱ theȱ 2004ȱ Fallȱ Technicalȱ Conferenceȱ ASMEȱ
InternationalȱCombustionȱEngineȱDivisionȱOctoberȱ24Ȭ27,ȱ2004,ȱLongȱBeach,ȱCA,ȱUSA.ȱ
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Appendix D: Development and Testing of a 6-Cylinder HCCI 

Engine and for Distributed Generation 

ASME Paper ICEF2005–1342: Presented at the ICEF2005ASME Internal Combustion 
Engine Division 2005 Fall Technical Conference, September 11-14, 2005, Ottawa, Canada. 
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Appendix E: Analysis of Homogeneous Charge Compression 

Ignition (HCCI) Engines for Cogeneration Applications 

ASME Paper IMECE 2004-62371: Presented at IMECE 2004 ASME International 
Mechanical Engineering Congress & Exposition, November 13-19, 2004, Anaheim, CA, 
USA. 

 

 


